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FROM THE OFFICE OF NAVAL RESEARCH

The Office of Naval Research (ONR) and the Joint Defense Manufacturing Technology Panel
sponsored this Lead Free (Pb-Free) Electronics Manhattan Project in response to the very
serious challenges that lie ahead for both the Military and Defense Industries to produce
reliable hardware given the current climate within the electronics industry.

The cumulative effect of avoiding the issues associated with the transition to Pb-free electronics
by the commercial world can be problematic for future Navy and Military war-fighter programs
that rely on the performance and reliability of Mission Critical Hardware. The Navy has recognized
that a collective endeavor by the most knowledgeable and credible participants in this project
would be a first step in coalescing, organizing - and more importantly - identifying current
practices in an attempt to separate relevant and factual information from the anecdotal or

often misinterpreted data.

| would like to acknowledge the dedication of the professionals involved in this project, and
their efforts to bring resolution to this serious issue for the Navy and Department of Defense.
It is a testimony of the force that motivates each of them, as they recognize that the quality
and safety of the products their respective organization’s produce or support, is of paramount
importance to all; through their innovation and entrepreneurship, the success of this project
will be worthy of its namesake. For this we are all appreciative.

Dr. Joseph P. Lawrence, llI
Director of Transition
Office of Naval Research




Foreword

FROM THE OFFICE OF NAVAL RESEARCH BENCHMARKING
AND BEST PRACTICES CENTER OF EXCELLENCE

The ONR ManTech mission, as manifested through the Navy Centers of Excellence, has placed
a critical focus on the technologies, processes, and enabling manufacturing capabilities that
provide direct benefit to the warfighter in a cooperative environment with industry, academia,
and the Navy warfare centers and laboratories. The Pb-Free Electronics Manhattan Project is
an example of the collaboration that is possible, when the ramifications of individualized and
fragmented attempts to resolve the Pb-free problem, will not effectuate the change that is
needed for the mitigation efforts. As part of the mission of the ONR ManTech platform, the
Benchmarking and Best Practices Center of Excellence (B2PCOE) was created to facilitate
such projects through the dissemination (sharing) of best-in-class practices, processes,
methodologies, systems, and best practices technologies.

The B2PCOE is an important conduit in advancing manufacturing technology through public
and private sector partnership, technological innovation, technology transfer, competitiveness,
the affordability and performance of defense platforms and weapon systems. Competitiveness
is a cornerstone of providing affordable, reliable products and services to the Navy; the ONR
ManTech platform is still pursuant to that mission. The data and information collected from
the Pb-Free Electronics Manhattan Project will advance the status of the best practices for
Pb-free mitigation from its incomplete state to one where a foundation can be established

for pursuing innovative and cost effective methods of resolving the problem.

The “Manhattan” style approach offers advantages beyond the scope of Pb-free electronics
manufacturing. In fact, it will be a basis for modeling future endeavors of a similar nature,
where a cooperative approach supersedes the efforts of any one corporate entity. Certain
technical subjects are in such early stages of development, that the ability to bridge the
disparity between activities, which foster a beneficially competitive environment, and ones
which require an accelerated and collaborative effort, will become critical as benchmarking
tools for assessing the value of the “Manhattan” approach on project platforms.

Rebecca D. Clayton

Program Officer

Office of Naval Research O3T

Benchmarking and Best Practices Center of Excellence




EXECUTIVE SUMMARY

The objective of the Pb-Free Electronics Manhattan Project - Phase | has been accomplished. Best
practices have been captured and documented in two artifacts. The first artifact articulates best
practices identified to mitigate the risks associated with Pb-free electronics usage in high-reliability,
high-performance aerospace and defense systems. The second artifact captures the “Manhattan
Project” approach as a best practice for addressing pervasive issues facing the manufacturing and
customer community.

The set of Pb-free electronics best practices contained in this report constitute the current baseline
practices as determined by the assembled team of nationally-recognized subject matter expert
scientists and engineers. Current baseline practice is defined to be a practice that describes the
current state-of-the-art as a baseline against which future improvement can be measured. They
are provided as guidelines and will change as additional information is accumulated over time and
evaluated. Known issues with the current baseline practices and technical gaps are also identified
in the report. Phase Il of the Pb-Free Electronics Manhattan Project will build upon this current
baseline and develop a three-year roadmap for the Phase Ill research and development required
to deal with those issues.

The second deliverable, prepared concurrently by the Navy ManTech’s Benchmarking and Best
Practices Center of Excellence (B2PCOE), deals with the process aspect of the “Manhattan Project
serving as a framework to deal with complex, multi-disciplined technical issues. The B2PCOE study
captured this best process practice during the execution of Phase I. The process integrated a set
of dynamic, highly skilled scientists and engineers, and helped them converge within a real-time,
concentrated working environment to synthesize their collective knowledge and experience into a
practical set of findings and guidelines. It is has been validated that the paradigm works and can
be used to address other problems that exist across industry that are of a similar pervasive nature.

”




Preface

It is the judgment of the team that the use of Pb-free electronics in products whose life-cycle
includes operation in and through harsh environments, poses technical risks that can lead to
degraded reliability and reduced lifetimes. Quantification of these technical conclusions within
valid statistical confidence bounds remains a gap. Further reliability data is needed in order

to unite the existing prediction methodologies, and provide acceptable modeling accuracy. The
team also concluded that continued “point solution” projects will not adequately address the
spectrum of gaps that exist in the current body of knowledge on Pb-free electronics. Therefore,
it is strongly recommended that the subsequent phases of the Pb-Free Electronics Manhattan
Project be fully implemented to ensure that the risks imposed by Pb-free electronics in high-
reliability, high-performance applications (especially in extreme environments) become fully
articulated, quantified, and bounded to ensure viable product design, manufacturing, test,
delivery and sustainment at an affordable cost.
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“There are two possible outcomes: If the result confirms the hypothesis,
then you've made a measurement. If the result is contrary to the hypothesis,

then you've made a discovery.”

—Enrico Fermi (1901-1954)

Trinity Site Monument ¢ New Mexico, USA
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1.1 THE CURRENT ELECTRONICS BUSINESS ENVIRONMENT

The worldwide electronics supply industry is adopting lead (Pb) free materials and processes

in their manufactured and assembled electronics products. Ultimately, these Pb-free electronic
assemblies are being introduced into the inventories of Original Equipment Manufacturers (OEMs)
who must make a determination as to whether to use them, reject them, or rework them. This
decision process is driven by the fact that the use of Pb-free electronics poses a potential product
risk and could compromise end item product reliability when subjected to harsh environments
and long service life-times.

Although the European Union (EU) legislation was the initial reason for suppliers to transition
to Pb-free electronics, many have been transitioning for a myriad of other reasons such as
establishing a competitive advantage in the marketplace.

Aerospace and Defense OEMs are at risk because they are unable to control the global electronics
supply chain because their collective demand is low compared to that of commercial manufacturers.
Establishing control over this supply chain by high-reliability users such as the Department of Defense
(DoD) and the commercial airline industry is futile. Over 50% of the electronics manufacturing today
is conducted off-shore to the U.S.A., and the collective demand by all of the military electronics users
represents less than 1% of the total world-wide market. Consequently, it is inevitable that they will
unknowingly receive Pb-free components in place of SnPb-based electronics, regardless of what
was ordered.

Factors which exacerbate this risk are:

e Alack of standardization as to what type of data and the level of data that should
be provided by the suppliers when they deliver materials or parts.

* Alack of material characterization data required to establish confidence in part usage and
uncertainty regarding the test protocols currently established to yield confidence data. The
current test standards and protocols (e.g., temperature cycling and dwell times, mechanical
shock and vibration tests, etc.) have evolved and are interpreted based upon 50 plus years
of experience using eutectic Pb-based solder alloys, and may not provide the appropriate
stress test conditions for Pb-free based solder alloys. Hence, currently there is no standard
test protocol available to qualify Pb-free electronic products, other than the fallback position
of using existing standards which are based on Pb.

* Alack of standardized manufacturing, assembly, rework and repair processes due
to a dearth of information and standards on how to sustain Pb-free products.
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All of these factors contribute to an Aerospace and Defense (A&D) OEM dilemma where there is little
to no contractual guidance to help steer the use of Pb-free electronics materials and processes.
Yet the supply chain that OEMs depend upon continues to transition and propagate Pb-free usage.

Consequently, A&D OEMs are ultimately being forced to use Pb-free electronics or implement costly
processes to ensure their denial. Either option has an impact on product acquisition and Total
Ownership Cost (TOC). Denial of Pb-free electronics will restrict the use of commercial off the shelf
(COTS) products and increase platform cost. Admission of Pb-free electronics into the build of material
will require re-qualification of the manufacturing processes and products, further increasing platform
cost. Either option increases the end-item’s TOC. Sustainment of these platforms necessitates
greater attention to manage and control electronics inventories, while preparing for the use of
specialized rework and repair processes to maintain a “Pb-only” baseline, as well as a Pb-based
and Pb-free component mix.

1.2 PB-FREE ELECTRONICS MANHATTAN PROJECT

The Pb-Free Electronics Manhattan Project was motivated by the desire to mitigate the increasing
risk associated with the proliferation and use of commercial Pb-free electronics in OEM products.
The concept for a Pb-Free Electronics Manhattan Project was initialized, formulated, and “socialized”
across industry and the customer community in order to obtain sponsorship and consensus.

The project was envisioned as a single, fully-funded team of nationally recognized scientists

and engineers working cooperatively over a three-year period, focused on addressing the use

of Pb-free electronics in A&D products.

The project has been segmented into three phases with the primary funding (estimated to be $60M)
expected in Phase lll. Phase | was planned to establish the baseline in terms of documenting current
practices used across industry, and identifying the issues and gaps associated with those practices.
Phase Il plans to articulate the roadmap which identifies future work required to mitigate those
issues and close the gaps in order to reach an acceptable risk level. These two phases will form the
basis for the expanded scope of Phase lll of the Manhattan Project, which will focus on the conduct
of specific tasks that address these identified gaps. Phases | and Il were planned as distinct,
separate two-week projects conducted in a single geographical location, such as a national lab,
using a skilled set of recognized scientists and engineers.

The deliverable associated with Phase | is the main subject of this document. The Manhattan
Project is unique because it represents the best in class from industry, academia, and government
working cooperatively to resolve a pervasive risk facing A&D OEM product suppliers.
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1.3 PB-FREE BEST PRACTICE DELIVERABLE

The Phase | deliverable articulates current state-of-the-art best practices as a baseline against
which future improvements will be enacted. The body of this report has been organized and
structured to flow as a typical product life cycle, initiating with requirements and concluding
with end of life as shown in Figure 1.1, Product Life Cycle Diagram.

-- Customer Requirements
-- Specifications (internal and industry specifics)

A
Y

Requirements

Product Design Product > Product
and Development Manufacturer Sustainment

Test/Validation/Quality/Audit

A
Y

Reliability/Availability/Field Life Requirements/Warranty

Figure 1.1 Product Life Cycle Diagram: Pb-free usage impacts all phase of the life cycle of a product.
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This report captures the impact of Pb-free electronics for each block illustrated in the product life
cycle. Figure 1.1 also illustrates that Reliability and Test are common elements that are interwoven
as part of the supporting infrastructure used throughout the product life cycle. The document
structure follows this product life cycle and highlights those elements, which are impacted by

the use of Pb-free materials. Each section in the document identifies the current set of baseline
practices, issues and gaps, and conclusions and recommendations associated with their use.
This is then followed by an overall synopsis of the conclusions and recommendations extracted
form the body of the report. A summary level outline for the document is as follows:

Preface
Introduction
Pb-Free Overview
Design
Manufacturing
Sustainment
Testing

Reliability
Conclusions
Recommendations
Appendices




“Give me a lever long enough and a fulcrum on which to place it,

and I shall move the world.”
—Archimedes (cirea 287-2128c)
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2.1 OVERVIEW OF THE CURRENT STATE

The restriction and elimination of lead (Pb) in electronics products was initiated by legislation
enacted within the European Union [i.e., Restriction of Hazardous Substances (RoHS) in Electrical
and Electronic Equipment; Waste from Electrical and Electronic Equipment (WEEE)] and Pacific-Rim
geographical regions (circa 2006). Many non-U.S. countries have followed suit in order to restrict
the disposal of electronic products containing Pb within their boundaries. The U.S. does not have
existing federal legislation, but several states have adopted laws restricting Pb content in the
manufacturing and disposal of electronic equipment. To date, Aerospace and Defense OEMs

are exempt from this legislation.

The general definition of Pb-free is depicted in Europe and in the U.S. as packages that contain
solder and other materials that have a maximum of 0.1% Pb (percent by weight). Legislation to
restrict Pb content in electronics led to a technology shift in the global electronics supply chain.
For a myriad of reasons including increasing their capture of market share, suppliers have been
transitioning to using Pb-free processes and supplying Pb-free materials. This transition or shift
in the supplier baseline has undermined the fundamental process of how electronics assemblies
are built and has led to a technology disruption and potential risk at the A&D OEM product level.

A&D OEMs had established their product designs and builds predicated upon the use of a stable
SnPb baseline. As suppliers have changed to a Pb-free baseline, OEMs have been driven to increase
the awareness of Pb-free use, while understanding its impact upon their product performance and
establishing risk mitigation processes for its use; thus creating a pervasive issue. Exacerbating this
issue is the fact that a single “drop-in” replacement for the legacy SnPb baseline does not exist.

In fact, the opposite situation exists since there are a myriad of Pb-free materials which are being
supplied and used as replacements across the worldwide supplier community. Furthermore,

the Pb-free materials demand by commercial consumers has contributed to their proliferation

as consumer and commercial electronics OEMs have determined that Pb-free materials were
adequate for their markets.
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The primary issue associated with the use of Pb-free materials is that the reliability of A&D products
built using this technology in typically “harsh environments” and requiring long product lives, is
un-quantified. Pb-free does not have the legacy of over 50 years of supporting performance data,
as in the case for SnPb. A&D product lives are often measured in decades compared to the typical
commercial product life, which is measured over a few years. These factors contribute to the risk
associated with Pb-free electronics, and the uncertainty of how to adequately address them within
current required product life cycles. Engineers using SnPb electronics have evolved to be good rule
followers. However, in this new paradigm, Pb-free electronics will require engineers to create new
rules-of-thumb.

The customer base has a general awareness of Pb-free electronics use, but reliance upon
performance-based procurements has shifted the burden of awareness and product risk mitigation
to the A&D OEMSs. Unfortunately, without a uniform approach and existing standards to guide

the OEMSs, a current state exists where A&D OEMSs can deliver an assortment of mixed SnPb and
Pb-free, and/or wholly Pb-free products based upon their own preferred approach. The end result
will be a set of products that the customer must ultimately maintain, which to some extent contain
product pedigrees that are unknown and whose build of materials vary widely. This situation greatly
impacts product sustainability and leads to a high TOC and a logistical quagmire. Extrapolation

of this situation leads to a state of unrestrained cost growth.

2.2 MAJOR RISKS ASSOCIATED WITH
THE USE OF PB-FREE ELECTRONICS

The major risks confronting products which introduce Pb-free electronics into their build of material
may be divided into two categories: product reliability and product sustainment. Product reliability
encompasses those risks which impact the reliability of the product required to operate as desired,
in the defined environmental applications outlined in its contractual service life. The primary product
reliability risks related to Pb-free electronics is the premature failure of the solder joint interface
and functional failures caused by tin whiskers. Both reliability risks are addressed in detail in this
document. Product sustainment includes those risks which impact the projected lifetime of the
product to include its availability and total ownership costs. These general risks may be further
subdivided into the following risk factors.
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Product Reliability Risk Factors Product Sustainment Risk Factors

Build of Material: Build of Material:

COTS/GOTS Configuration Management

PWB Design and Finishes Repair Level and Instructions

Solder Attachments and Finishes Inventory Management

Component Finishes to include Availability of Correct Parts and Solders
Sn Whisker Issues

Mechanical Parts and Finishes to include Training of Depot Personnel
Sn Whiskers

Reliability Demonstration (Test or Analysis) Documentation (e.g., Technical Baseline)

Product Manufacturing Processes
to include Rework and Test

Table 2.1 Pb-free electronics risk factors. Use of Pb-free electronics poses risk to product reliability
and sustainability; shown are those risk factors which must be addressed in the life cycle.

2.3 RELEVANCE TO THE WARFIGHTER

The warfighters that defend the United States expect and deserve weapon systems and equipment
that have superior technical performance and unquestionable reliability. This demand is exacerbated
by the unique applications required in urban warfare against terrorists imbedded in civilian populations.
This highlights the criticality that the weapons and equipment function correctly, and without failures.
To minimize collateral damage, the numbers of weapons used against an urban target have been
reduced, further mandating that each weapon perform flawlessly. Product failures in the midst

of a battle can have catastrophic results, jeopardizing the outcome of a conflict and exposing our
warfighters to needless injury, and even loss of life.

The systems must also be sustainable in the field and be quickly, easily and cost effectively
repaired when needed to bring a damaged system back on line.

Given the high reliance on electronics in weapon systems and military equipment, it is paramount
that the issues and technical risks from Pb-free electronics, highlighted in Figure 2.1, be fully
understood and mitigated.
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Pb-Free Electronics — So What?

Pb inhibits the growth of “tin whiskers” : Pb-Free Solder Joint
e Electrically conductive
* Can metal vapor arc

Pb-free solders
* Less reliable when subject
to high shock and vibration
* Higher melting temperatures
* Incompatibilities with SnPb solder
e Difficult to repair assemblies

Configuration control nightmare

Photo Source: NASA Space Shuttle Program b

Figure 2.1 Sample of Pb-free electronics issues. Focused research and development is required to maintain
unquestioned reliability when using Pb-free electronics in warfighter weapons systems and equipment.

24 REMEDIATION OF RISKS

The transition to Pb-free materials by electronics suppliers initiated a movement among the

OEMs to recognize it as a pervasive issue and acknowledge that a collective approach was
necessary to manage and mitigate its risk. After reviewing the situation, it was concluded that

the risk remediation solution set was non-competitive since it involved the synthesis of numerous
data sources. In addition, single company investment strategies to achieve this state were deemed
to be cost prohibitive. Hence, early on in the awareness and risk mitigation approach to Pb-free
electronics, the industry sought to develop inclusive collaborations to address and manage the
risk. The ONR had pro-actively funded several ManTech projects that lead to the publication of
“Lead Free Manufacturing for Navy Systems,” among other efforts. Other collaborations across
industry, ONR, DoD, NASA, and AlA, resulted in the Pb-free Electronics in Aerospace Project (LEAP)
and the cooperative Government/Industry Executive Pb-Free Integrated Process Team (ELF IPT)
projects. LEAP focused on the development of standards and their publication. The ELF IPT focused
on awareness, training, and policy.

The Electronics Manufacturing Productivity Facility (EMPF), with funding from the ONR, had initiated
several projects to determine what affect lead free soldering technologies would have on aerospace
and military applications. The EMPF performed a number of manufacturing infrastructure audits, and
in cooperation with the Industrial Advisory Board (IAB) members, had built and tested functionally
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deliverable hardware manufactured with lead free solders. The study - conducted by the EMPF,
member companies of the IAB, Joint Council on Aging Aircraft (JCAA), Joint Council on Pollution
Prevention (JC-PP), and CALCE - was a collaboration of experimental efforts to observe the effects
of Pb-free on various test vehicles designed to simulate hardware typically used in Navy systems.
The results from some of those studies are referenced in the body of this report. In addition to the
Navy endeavors in the area of Pb-free mitigation, cooperative efforts from organizations such as
iINEMI, NIST, CALCE, and IPC had individually and collectively performed research and development
tasks on lead free solders.

Knowing that the reliability of Pb-free parts in military systems was a significant issue, the Executive
Lead Free Integrated Process Team (ELF IPT), composed of representatives from industry and
government, cooperated to advise the DoD (Department of Defense) on critical issues surrounding
Pb-free electronics. In turn, the DoD commissioned the ELF IPT to advise on a joint DoD response
in order to minimize any disruption of the supply or reliability of electronics, particularly COTS
(commercial-off-the-shelf) components and sub-assemblies. The web site representing the efforts
of the DoD and the ELF IPT (leadfreedod.com) continues to be maintained by the EMPF. The
Aerospace Industries Association (AlA) has also contributed to the movement with its Lead-Free
Aerospace Electronics Working Group (LEAP), beginning in 2004. Its purpose was to “develop and
implement actionable deliverable items that enable the aerospace industry to accommodate the
global transition to lead-free electronics.”

From these activities, certified standards were generated and functional avionics were manufactured
with lead free solder alloys and finishes by DoD supplier facilities such as the EMPF, operated by
ACI Technologies. The demonstration vehicle(s) and target programs were the F/A-18 and the AEGIS
Integrated Weapons Systems. Electronics manufacturing processes, required to produce qualified
functional Navy electronic hardware which meets IPC J-STD-001D Class 3 and IPC-A-610 Class 3
specifications, were documented. Both the Lead-Free Soldering Standard (ACI-081906) and the
Lead-Free Manufacturing Guidelines (ManTech Lead-Free Manufacturing Guidelines, 8/18/2006)
have been published and are available for use in manufacturing, reworking, and repairing lead free
electronics for Navy applications.

While the efforts highlighted above were desperately needed to better understand the implications
of lead free solder, they only scratch the surface from the perspective of the needs of the DoD/
aerospace reliability engineering community. For example, the Aviation and Missile Research,
Development and Engineering Center (US Army Aviation and Missile Command), or AMRDEC, is
faced with the problem of reliability over time, as missiles are stored for years. Stockpile Reliability
Programs (SRP) defined and carried out by the reliability experts at AMRDEC have been instrumental
in maintaining the necessary level of stockpile reliability at an affordable cost. But now, with the
transition to lead free connections, a whole new set of challenges arise to maintaining that stockpile.
The AMRDEC leadership has anticipated the issues and has worked with others in the U.S. government
facing similar challenges, such as the Department of Energy (DOE). Cooperative efforts under the
banner of the Technical Coordinating Group for Predictive Materials Aging and Reliability (TCG XIV)
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were begun to “develop a toolset of computational models that are able to quantitatively predict
materials aging processes for improving the long-term reliability of weapons systems, sub-assemblies,
and/or components.” To date, AMRDEC has managed related SBIR efforts under several projects
to asses the reliability of lead free solder.

The EMPF, through Navy ManTech efforts, has endeavored to provide technical and project
management to the various aforementioned organizations and consortia which have contributed
significantly in researching the areas of Pb-free manufacturing, technology, process development,
standards development, reliability, and tin whisker mitigation. As these groups continued to work
together over several years, an evolutionary restructuring was considered as a means of uniting
the groups under the current Pb-free Electronics Risk Management (PERM) Consortium structure.
The shift to the more robust PERM Consortium framework was driven by a clear sense that although
both the LEAP and ELF IPT groups were doing good work to deal with the Pb-free electronics issues,
our overall national strategic response was inadequate and poorly coordinated. The PERM Consortium
concept was briefed to the Aerospace Industries Association’s Technical Operations Council (AIA TOC)
in December, 2008 and was formally endorsed in January, 2009.

Aerospace and Defense Response

Pb-Free Electronics Problem Severity vs. Response

is falling behind the curve

ONR Navy ManTech Funded Projects

JG-PP JCAA NASA

Mil-Aero R&D ELF IPT

| LEAP WG

Consumer electronics conversion to Pb-free 90%

| <1% Mil-Aero conversion to Pb-free

P
-

RoHS proposed RoHS takes effect .~

RESPONSE

—_————— Severity of the Problem: ¢ Scope °® Complexity ® Pervasiveness ® Cost

————— Mil-Aero Response: ® Recognition ¢ Investment

Figure 2.2 A&D response to Pb-free electronics. Good progress was made through 2008, but a more robust
national strategic response was needed to deal with the risks posed by Pb-free electronics.
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The PERM Consortium strategic management framework represents an organizational construct
that integrates the myriad of Pb-free electronics activities (existing and proposed) into organized
subsets of related activities (see Appendix A, Chapter 2 for PERM organizational chart). These
activities include the industry, academia, consortium, and government sponsored projects which
become united under the PERM structure into a single organizational architecture.

The Pb-free Electronics Research Manhattan Project was planned as a multi-phased R&D project.
Phases | and Il are currently funded by the Department of Defense. This report is a result of the
Phase | effort and identifies the current baseline practices in use to deal with Pb-free electronics.
The Phase Il effort, scheduled for August, 2009, will develop a three-year roadmap of the time-
phased R&D projects recommended for risk reduction scheduled for execution during Phase llI.
The roadmap will further articulate the gaps that exist in relation to the risks associated with the
use of Pb-free electronics, and will recommend the necessary R&D tasks required to fill those
gaps. The Phase Il roadmap will present an integrated approach to an insidious and pervasive
problem facing the aerospace and defense community today. Government funding is needed

to initiate and execute the Phase Ill effort.

2.5 PB-FREE ELECTRONICS CULTURAL ISSUES

Adding to the Pb-free electronics challenges, are cultural issues which are as complex as the
technical issues. Due to the cross-cutting and multi-faceted technical issues, the first cultural

issue encountered is that “this is everyone’s problem, therefore it's no one’s problem.” As a result,
finger-pointing ensues and mitigation time is lost. Impacted organizations attempt to identify who
should be responsible for dealing with the multiple Pb-free electronics issues, including who should
provide requisite funding. This approach is not remedial or helpful.

Other fundamental Pb-free electronics cultural issues are embodied in the captured actual quotes
of leaders in both government and industry:

“I have more important, inmediate problems.”

“I cannot obtain funding for a research project for which there is no clear solution, no definitive
schedule, and no grasp of the total funds required.”

“Show me the recent evidence that this is a problem that merits my attention.”
Versus
“We cannot share this with anyone.”

Each of these perspectives is an additional excuse for inaction, perhaps hoping that the problem
will just go away. Regrettably, doing nothing is not deemed to be the right answer.




“Do not worry about your difficulties in Mathematics.

I can assure you mine are still greater.”

—Albert Einstein (1879-1955)
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3.1 INTRODUCTION

The product development cycle as outlined in Figure 3.1, shows that the inclusion and ramifications
of Pb-free materials begins at the platform requirements phase and propagates through to product
sustainment. While eutectic and near-eutectic SnPb alloys have long been the benchmark for
electronic assembly, Pb-free solder and Pb-free surface finishes present challenges in design

and qualification test development for A&D equipment. Under some accelerated thermal cycling
conditions, consumer Pb-free assemblies have been reported to have good reliability with respect
to SnPb assemblies. However, Pb-free consumer hand held devices have been found to have lower
reliability in drop-shock testing than the SnPb counterparts. Unfortunately, little testing has been
done for the full spectrum of A&D environments such as extended storage, thermal cycling, vibration,
shock, humidity, and corrosion, or some combination of these tests. As is outlined in Table 3.1,
Pb-free is not as consistently reliable as SnPb, and can introduce additional failure modes not
normally associated with SnPb assemblies. As a result of not having a drop-in replacement

for SnPb, the design details at every level need to be evaluated. While high-volume design and
manufacturing of Pb-free assemblies have been developed over the last 10 years, A&D designs
that utilize Pb-free solder in severe or complex operating environments are only beginning to be
done. It is well known that the increased processing temperatures of Pb-free solders have caused
the manufacturing process windows to tighten significantly. As a result of this change, designs for
consumer products have adapted to meet the demands of high volume manufacturing, while A&D
designs will have had to settle for lower yields in a manufacturing environment where a high mix
of products at low volumes is typical. Additionally, A&D designs must also accommodate long term
reliability and sustainability requirements that are not usually mandatory for consumer products.

14
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+

33
Hardware Design

3.4
Design Verification/
Validation

3.6
Reliability Analysis

/

3.8 Lead Free Design

Manufacturing Handoff CRlE e

Y
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Manufacturing Sustainment Testing
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Figure 3.1 Design in Product Development Cycle. Note the risk color coding is based on having both Pb-free
finished parts and Pb-free soldered assemblies.
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Assembly Solder

Factor Under Consideration* Pb-Free Tin Finish Certainty
and Solder (SAC)

SAC Solder Fatigue

Storage (followed by thermal cycle, vibration and shock)

Long Term 125°C Current
Baseline Practice

Long Term -40 to -55°C Current
Baseline Practice

Thermal Cycling Testing

Low Stress 0-100°C Current
Baseline Practice

High Stress -55 to +125°C Current Somewhat Worse
Baseline Practice

Service Life Model Current SAC305 and 387
Baseline Practice models exist but lack
diverse long term data.

Mechanical Dynamic

Vibration Current
Baseline Practice

Current
Baseline Practice

Handling/Drop Impact Current
Baseline Practice

Service Life Model Current Unknown: SAC 305
Baseline Practice beginning to be
formulated.
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Assembly Solder

Factor Under Consideration*

Pb-Free Tin Finish
and Solder (SAC)

Certainty

Combined Environment

Thermal/Vibe/Shock

Service Life Model

Other Failure Modes

Tin Whisker Risk

Tin Pest Risk (Solder
disintegration or strength
degradation)

PCB Considerations

PCB Design

PCB Surface Finish

PCB Laminate Fracture
Under Pads

PCB Copper Dissolution

PCB Surface Copper
Trace Fracture

Service Experience

Poor

Very Low

Very Low

Current
Baseline Practice

Current

Baseline Practice

Very Low

Very Low

Very Low

Unknown

Medium

New Mode: High Risk

New Mode: High Risk?
Inhibited by Pb, Bi, and
Sb additions. Made
worse with several
factors including reactor
radiation exposure?

Low-
Medium

Increased Risk

ENIG Increased Risk
in manufacturing
assembly and reliability.

New Mode: High Risk

New Mode:
Increased Risk

New Mode:
Increased Risk
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Assembly Solder

Factor Under Consideration* Pb-Free Tin Finish Certainty
and Solder (SAC)

PCB PTH Reliability Current Increased Risk High
Baseline Practice

PCB CAF Current Increased Risk High
Baseline Practice

M Low Risk Moderate Risk M High Risk Unknown
Table 3.1 SAC Solder fatigue, Pb-free tin failure modes and printed circuit board (PCB) failure modes.

*SAC = Pb-free tin/silver/copper alloy; PCB = printed circuit board; PTH = plated through hole;
CAF = conductive anodic filament; SnPb = SnPb eutectic solder alloy

2Applications requiring months or years of continuous cold storage such as space,
arctic or antarctic environments.

sSee GEIA-HB-0005-2 Section 5.2 and references in Becker [1].

3.1.1 Key Design Considerations

The designer utilizes critical information to assess the various constituents that will ultimately
comprise the final design. Customer requirements, reliability data, test methods, reliability model
maturity, failure mode types, manufacturing processes, and sustainment are all factors that will
be considered in the construction of a Pb-free design.

Often the first decision that a designer needs to make is what solder or solders to select. As is
shown in Figure 3.2, the Pb-free solder microstructure (SAC) differs significantly from SnPb. Since
the microstructure controls the properties, the methods and parameters implemented in SnPb
mechanical testing and analysis need to be reconsidered in terms of adapting for new Pb-free material
properties and failure modes [2] [3]. The next stage is to determine which parts are acceptable for
the new design, and which are subsequently added as part of a newly created bill of material. As
the printed circuit board (PCB) and circuit card assembly (CCA) designs are completed, concurrent
electrical, mechanical and testing analysis are being completed to verify and validate the design,

as well as the design process. Some of the high level design considerations are summarized in
Table 3.2.
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Figure 3.2 An example of dramatic differences in microstructure between SnPb (left) and Pb-free SAC
(tin-silver-copper alloy) (right) solders. Photo courtesy the Celestica Company.

Considerations

Many alloys to chose from

Complexity of the alloy (constituents)

Material properties

Fatigue models

Accelerated testing

Manufacturing processing
temperature

Compatibility with SnPb
Mixing with other Pb-fee alloys

Tin whisker risk

Solder

Eutectic alloys are preferred. Alloy defines the
manufacturing process temperature. Alloy defines
rework and repair processes.

Sensitivity of final solder properties and the variation
in final microstructure to weight percent variation of
the constituents.

Maturity, acceptance and validation. Usefulness for
solder joint size scale modeling.

Maturity, acceptance and validation.

Maturity, acceptance and validation of thermal cycling,
vibration, shock, combined TC/Vibe/Shock, humidity,
corrosion, etc.

A 5 or 10°C change in soldering temperature is
significant for PCB materials and copper dissolution.

Sustainment strategy.

Manufacturing and sustainment concerns.

Tin whisker growth characteristics.
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Tin pest
Copper dissolution

Field experience and field
failure data

Temperature capability

Internal construction materials

External finish and lead material

Molding compound

Reliability data

Compatibility with SnPb solder

Considerations

Tin pest resistance.

Tendency to dissolve copper PCB terminations.

Experience with alloy and parts in similar applications
and environments.

Parts

MSL level and maximum solder processing temperature.

Reliability of internal Pb-free solders and tin whisker risk
often difficult to determine with COTS parts.

Tin whisker risk.

Part CTE can be reduced when Pb-free compatible
molding compounds are used.

Has part reliability changed with Pb-free processing
temperatures and under the Pb-free solder
termination loads?

Are the part finishes or balls reliable when processed
with SnPb solder?

PCB

Laminate selection

Number of reflows required

Higher cost laminates are available to meet higher
reflow temperatures. Considerable reliability variability
exists amongst low cost laminates.

No good universal Pb-free finish available. Conditions
include tin whisker risk, corrosive environment risk,
shelf life, solderability, etc.

Specify sufficient requirements to accommodate
manufacturing, rework and repair solder reflows.

Number of thermal cycles

Require thermal cycle sufficient to meet manufacturing,
rework, repair and service life.
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Issue Considerations

Copper dissolution Require sufficient surface copper thickness to
resistance requirements accommodate manufacturing, rework, and repair.

Manufacturability Perform all of the above and still maintain
manufacturability.

CCA

Design solder stress levels Pb-free solder stress design rules are not defined.
Allowable stress is dependent on loading (thermal,
vibration and shock), solder alloy, part type, part size,
part placement and PCB design.

Placement of parts See “Designed solder stress levels”

Manufacturability Manufacturing processes and rework method
influences parts selection and placement.

Sustainment Repair has considerations similar to rework.

Tin whisker mitigation Amount of tin area, tin conductor spacing, conformal
coating, etc. Whisker mitigations not linked to
reliability numbers.

M Low Risk/Mature Medium Risk/Moderate Maturity M High Risk/No Maturity
Table 3.2 Summary of key design considerations.

Notes: CTE = coefficient of thermal expansion; MSL = moisture sensitivity level

3.1.2 Closure

Design processes used for heritage SnPb assemblies need to be modified to address Pb-free solder
and finish selection in terms of fatigue characteristics, tin whisker risk, tin pest risk, rework, PCB
reliability, copper dissolution, and SnPb compatibility. There are many knowledge gaps that need

to be filled in order to consider using Pb-free solder over a broad range of A&D product service
environments. Since there is a significant lack of Pb-free A&D product data in service, it is
recommended that candidate path finder products be identified, characterized and introduced

into low risk, low stress A&D applications. Assembly and repair solder alloys need to be defined

in the design documentation.
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A significant difference between consumer and A&D products are that A&D products take a
significantly longer period of time between the establishment of customer qualification requirements
and the qualification testing. Typically, a three to five year period can elapse before the two are
reconciled, and it is likely that in the interim, a new and better Pb-free solder alloy will have been
developed, new failure modes encountered, and test practices optimized.

To aid risk assessment, a number of GEIA standards and handbooks have been released addressing
performance, tin whiskers, test, technical considerations (including design), program and system
engineering management, and repair/rework. While these documents do not yet address all issues,
they are under constant review and assessment, and updated as more data and information
become available. Table 3.3 summarizes these resources.

[J GEIA-STD-0005-1, Performance Standard for Aerospace and High Performance Electronic
Systems Containing Pb-free Solder [4]
Used by aerospace electronic system “customers” to communicate requirements
to aerospace electronic system “suppliers.

GEIA-STD-0005-2 [5], Standard for Mitigating the Effects of Tin in Aerospace and High
Performance Electronic Systems [5]

Used by customers and suppliers to mitigate the detrimental effects of tin whiskers

in high performance electronic systems.

GEIA-STD-0005-3 [6], Performance Testing for Aerospace and High Performance Electronic
Interconnects Containing Pb-free Solder and Finishes [6]

Used by customers and suppliers for direction and guidance for the performance testing
of electronic assemblies that utilize Pb-free solder interconnections.

GEIA-HB-0005-1, Program Management/Systems Engineering Guidelines for Managing
the Transition to Pb-free Electronics [7]

Used by program managers to address all issues related to Pb-free electronics, e.g.,
logistics, warranty, design, production, contracts, procurement, etc.

GEIA-HB-0005-2, Technical Guidelines for Aerospace and High Performance Electronic
Systems Containing Pb-free Solder [8]

Used by customers and suppliers to select and use Pb-free solder alloys, other materials,
and processes. It may include specific solutions, lessons learned, test results, data, etc.

GEIA-HB-0005-3, Rework/Repair Handbook to Address the Implications of Pb-free Electronics
and Mixed Assemblies in Aerospace and High Performance Electronic Systems [9]

Used by customers and suppliers for guidance on the repair/rework of electronic
assemblies including mixed (Pb-free and SnPb) systems.

Table 3.3 Summary of released GEIA Pb-free risk mitigation resources.
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Particularly pertinent to the designer, the GEIA-HB-0005-2, Technical Guidelines for Aerospace
and High Performance Electronic Systems Containing Pb-free Solder captures Pb-free design
considerations and lessons learned applicable to A&D products (Table 3.4).

Scope

References

Terms and Definitions

Approach

General Pb-Free Solder Alloy Behavior

5.1 Elevated Temperature

5.2  Low Temperatures

5.3 Temperature Cycling

5.4  Rapid Mechanical Loading (Vibration/Shock)

System Level Service Environment

High Performance Electronics Testing

Solder Joint Reliability Considerations

8.1  Mixing of Solder Alloys and Finishes

8.2  Pb-Free Terminations in SnPb Joints

8.3  SnPb Terminations in Pb-free Joints

8.4  Bismuth Effects

8.5 JCAA/JGPP Testing of Mixed Alloy Combinations
8.6  Pb-Free Solder and Mixed Metallurgy Modeling

Piece-Parts

9.1 Materials

9.2 Temperature Rating

9.3  Special Considerations

9.4  Plastic Encapsulated Microcircuit (PEM) Moisture Sensitivity Level (MSL)
9.5  Terminal Finish

9.6 Assembly Stresses

9.7  Hot Solder Dipping
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10 Printed Circuit Boards

10.1 Plated Through Holes

10.2 Copper Dissolution

10.3 PCB Laminate Materials

10.4  Surface Finish

10.5 Pb-Free PCB Qualification

10.6 PCB Artwork and Design Considerations for Pb-Free Solder Applications

Printed Circuit Board Assembly

11.1 PCB Process Indicator Coupons
11.2 Solder Inspection Criteria
11.3 Fluxes, Residues, Cleaning and SIR Issues

Module Assembly Considerations

12.1 Connectors and Sockets
12.2 Heatsinks/Modules
12.3 Conformal Coating

Manufacturing Resources

Aerospace Wiring/Cabling Considerations

14.1 Insulation Temperature Rating
14.2  Cable Connectors

14.3  Wire Terminals

14.4  Splices

14.5 Sleeving

Rework/Repair

15.1 Piece Part Rework
15.1.1  Area Array Rework
15.1.2  Surface Mount Capacitor/Resistor Rework
15.1.3  Through-Hole Piece Part Rework
Depot Level Repair
Mixed Solder Rework Temperature Profiles
Rework/Repair Cleaning Process
Inspection Requirements
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Generic Life Testing

16.1 Thermal Cycling, Vibration and Shock Testing
16.2 Other Environments
16.2.4  Generic Humidity

Similarity Analysis

Equipment Service Environmental Definition

Al. Service Cyclical Temperature Environments
A2. Steady Temperature Service Environments

Table 3.4 Design sections in GEIA-HB-0005-2 for Pb-free risk management.

These are industry documents where key published findings have been extracted and added to
other significant, complementary information ascertained through A&D participation. The GEIA
documents outline areas where data consensus exists, where there is conflicting data, and

a lack of data.

Designing for Pb-free is a significant challenge and the information conveyed in this report
is presented to help distinguish current baseline practices, identify gaps/issues, and provide
recommendations for future road-mapping and planning.

3.2 REQUIREMENTS

Customer requirements are the driver behind product/system design and manufacturing.
Acquisition reform practices have resulted in more performance based requirements to suppliers
with less, if any, focus on how the product is to be produced and sustained. Since Pb-free solder
is not consistently “as good or better” than SnPb solder, A&D suppliers will face challenges in
meeting customer requirements (Figure 3.3).

Fatigue under changing thermal conditions. At high strain levels (temperature extremes), tin-lead solder
outperforms lead free solder.
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Durability of solder under a temperature cycle.

Life Requirement

/\ Temperature

Fietd Condition Studies have shown that lead free solder

SnPb  Pb-Free alloys fail at loads up to 50% lower than
tin-lead solder when shocked, dropped
Time to Failure or bent. Photo courtesy of CALCE, UMD.

For explosive and drop shock, lead free solder is more likely to fail than tin-lead solder.

Figure 3.3 Environmental conditions and their impact on A&D performance.

In product systems, Pb-free risks can manifest themselves as an increase in short circuits, open
circuits and intermittent circuit failures (Section 7.0, Reliability). Pb-free is introduced into the
product stream through parts which have integrated internal features, part finishes, PCB finishes,
and assembly solders. The impact of Pb-free is treated with characteristically similar skepticism,
which is intrinsic to the introduction of any new technology where a lack of historical data can
hinder an empirical decision making process. Pb-free impacts many facets of the requirements
hierarchy and electronic hardware design process (Figure 3.4).
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Requirements

Platform Requirement Customer Derived Systems Specification Hardware Design

3.2.1 Pb-Free
Risk Management:
GEIA-STD-0005-1
GEIA-STD-0005-2

3.3.3 Electrical
Design Schematic

3.3.5 Solder Selection

3.3.6 PCB

3.4 Design Verification/
Validation Analysis and Test

3.5 Tin Whisker Risk
Assessment

3.6 Reliability Analysis
(Data ltem)

]

3.7 Safety and Non-Safety
Systems Certification

3.8 Manufacturing Handoff

3.9 Sustainment Handoff

[ A&D Low/Moderate Risk ~ A&D Moderate Risk M A&D Moderate/High Risk B A&D High Risk

Figure 3.4 Requirements and design elements impacted by Pb-free. Note the risk color coding is based on
having both Pb-free finished parts and Pb-free soldered assemblies. The various relevant section numbers
are provided for the requirements and design elements herein.
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Notes: ORD = operational requirements document; LFCP = lead free control plan;
SEMP = systems engineering management plan; MPP = materials and processes plan;
PPL = preferred parts list; BOM = bill of materials

The customer, systems and hardware requirements impacted by Pb-free finishes and assembly
solder alloy are discussed next.

3.2.1 Pb-Free Risk Management Requirements
Current Baseline Practice

At the present time, there is a broad variation in customer requirements and design practices
regarding Pb-free risk. Nevertheless, Pb-free control plans are being developed by many customers
and suppliers to manage Pb-free risk.

The current Baseline Practice of Pb-free risk management transcends a wide spectrum of responses
from “unaware” to “ambivalent” to “extremely concerned” with many intermediate positions in the
continuum. The Pb-free risks are manifested at a systems level in terms of interconnect reliability
of the Pb-free solder and the PCB, and tin whisker risk associated with the part finishes and Pb-free
solder. In addition, most Pb-free solders currently in use have higher melting points than tin/lead
solder, and require higher processing temperatures which can damage components and PCBs.

One approach that has emerged to manage the Pb-free risk is to utilize the GEIA Pb-free risk
management standards and handbooks (GEIA-STD-0005-1, GEIA-STD-0005-2, GEIA-STD-0005-3,
GEIA-HB-0005-1, GEIA-HB-0005-2, and GEIA-HB-0005-3).

One means of satisfying GEIA-STD-000-1 is to create a Pb-free control plan (LFCP) that defines the
practices used across design, manufacturing, procurement, and sustainment to manage the Pb-free
risks. A Pb-free control plan can be written at many levels. At the highest level, it defines the overall
processes of Pb-free risk management. Individual programs can also have plans that tailor the
overall strategy to accommodate unique program requirements.

The LFCP is a document that defines:
* Allowable Pb-free finishes and solders.
* Sources of reliability data.
* Product configuration and identification.
*  Compatibility with heritage SnPb solder.
Tin whisker mitigations.
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The LFCP can utilize many sources of data including the Pb-free documents shown in Figure 3.5.

Industry Knowledge Qualification
JEDEC, IPC, MIL-STD-810,
iINEMI, etc. RTCA DO-160, etc.

A

Supplier LFCP per v

GEIA-STD-0005-1,

Technical Guidance Performance Standard Tests per

per GEIA-HB-0005-2 T s 72 GEIASTD-0005-3
GEIA-STD-0005-2,
Pure Tin Standard A
Y

System Safety and
Certification analysis
per GEIA-HB-0005-4

Rework per
GEIA-HB-0005-3

Figure 3.5 How the GEIA Documents work together.
Issues/Gaps/Misconceptions

There are several issues associated with these standards:

1. Gap: Existing programs often lack funding for Pb-free risk mitigation, and without informed
customer direction, these programs will continue to be measured on unrealistic cost and
schedule objectives. The increased costs associated with non-tangible Pb-free risk mitigation
activities require substantial efforts to justify, and in some cases, these justification efforts
may actually exceed the implementation of the actual mitigation.

. Misconception: In contrast to a prescriptive specification, GEIA-STD-0005-1 does
not tell a designer “what to do,” rather it requires definition of the processes by which
reliability, configuration, and sustainment are maintained while Pb-free is accommodated
in their product.
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. Gap: Since the GEIA standards are based on incomplete technical knowledge, there
continues to be significant changes as new information is obtained. One of the challenges
is that there still remains a substantial void of quantifiable reliability data for vibration,
shock and combined thermal cycling/vibration/shock as it pertains to the use of Pb-free
solder in most A&D applications.

Misconception: One misconception is that the use of any - or all - of these documents
implies that A&D does not imply that A&D condones the use of Pb-free technology.
Rather these documents are used to mitigate risks associated with Pb-free for situations
in which the supplier/customer has no other alternative than to use Pb-free components
and assemblies (e.g., COTS items).

Issue: The means by which a company can certify to GEIA-STD-0005-1 is not established.
At the present time, a combination of self certification and customer certification is used.

Issue: The procedure for change management of the Pb-free control plan has not been
determined. It will not be possible to obtain optimal reliability and maintain rapid change
responses for high risk Pb-free findings if every A&D customer demands LFCP approvals
before a change can be implemented.

Gap: GEIA-STD-0005-2 is a system of methods to manage the tin whisker risk but does not
eliminate the risk. SnPb solder dipping, conductor spacing control, and conformal coating
have been the most broadly utilized means to mitigate whiskers; however, the present state
of the art does not allow quantification of these mitigations on overall system reliability.

Misconception: There is a general relationship between the GEIA-STD-0005-2 tin whisker
risk mitigation level selection and the types of parts/assemblies upon which the program
costs are based. As shown in Table 3.5 and Table 3.6, at level 2C or above, the parts are
typically listed on custom control drawings and are not generally COTS. The majority of
A&D products fall into a class 2A or 2B regime.

Misconception: Another poorly understood aspect of tin whisker risk is that the tin whisker
growth clock starts ticking once the assembly process has been completed. Thus, a spare
assembly which sits on the shelf for an extended period of time can grow significant whiskers.
Consequently, periodic inspection/remediation may be necessary to ensure availability.

Gap: Customer requirements and systems engineering management plans do not often
include sufficient detail for Pb-free risk management, such as definition of GEIA-STD-005-2
level requirements, COTS requirements, and sustainment requirements.
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GEIA-STD-0005-2 Level

Risk Control Mechanisms

Control tin risk exclusively by tin avoidance

Control tin risk predominantly by tin avoidance, and in exceptional

cases by design rules

Control tin risk predominantly by design rules, and in exceptional

cases by tin avoidance

Control tin risk exclusively by design rules

Tin risk uncontrolled

Table 3.5 GEIA tin whisker mitigation levels.

Part Type

Assembly Type

GEIA-STD-0005-2 Level

M Low Risk

Special
Parts

by exception
only

Table 3.6 GEIA-STD-0005-2 Level Selection and Part/Assembly Type

Conclusions

“MiL-CcOTS” True COTS
Assembly Assembly

Moderate Risk M A&D High Risk

The Pb-free control plan is an integral part of ensuring the reliability of complex systems that are
faced with the depleting supplies of Pb in electronic materials. The key feature of the LFCP is that
it coordinates the Pb-free roles and responsibilities of the design, configuration, manufacturing,
procurement and sustainment functions.




3. Design

Recommendations
1. The use of a LFCP to manage Pb-free risk should be considered a best practice.

2. Implement a formal review cycle for each of the GEIA documents to accommodate
the continuous increase in release of new alloys and associated data.

Develop a uniform process for GEIA-STD-0005-1 certification.
Develop a procedure for Pb-free control plan change management.

. The customer requirements and the systems engineering management plan (SEMP)
need to capture specific Pb-free risk mitigation requirements for the program.

Tin whisker risk: Regardless as to whether the assembly uses SnPb or Pb-free solder,
the Pb-free risk from components should be acknowledged and the appropriate
GEIA-STD-0005-2 tin whisker mitigation level should be defined.

Sustainment requirements: The sustainment and repair requirements such
as compatible repair solder alloys should be defined where appropriate.

. Through test and analysis, develop methods to quantify tin whisker risk mitigations
on overall system reliability.

Include an approach to account for tin whisker growth on assemblies during the time
between manufacturing and use.

Promote active Pb-free risk management by continuing industry activities in research,
technology monitoring, and the assessment of new data as it becomes available.

3.2.2 Materials Requirement
Current Baseline Practice

Materials include electronic assembly items such as solder alloys, PCB finishes, electronic components,
internal and external materials, surface finishes and metal part finishes. Materials requirements
often include (1) restricted and prohibited material lists (e.g., hazardous material or HAZMAT), (2)
fluid compatibility and (3) required materials. Allowable solder materials are often contained within
manufacturing requirements such as: J-STD-001 and J-STD-006, which are the main manufacturing
standards for acquisition of electronic assemblies. Restricted materials are identified per local, state,
and/or national regulations. However, the electronics industry is directly affected by world-wide
legislation, primarily the European Union’s RoHS regulation [10]. Other regulations (Table 3.7) are
also generating an impact on material usage but are outside the scope of this current baseline
practice study.
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Standard/Regulation

Type

Impact

U.S. HR Bill 2420

Global

Contains elements similar to RoHS. It currently has no
exemption language for military and aerospace products.
It prevents states from enacting individual restricted
materials legislation for electrical and power distribution
equipment. The advocacy group of the AIA-PERM
consortium is working on this.

U.S. Executive
Order (EO)
13423

Affects
acquisitions
by “federal
agencies”

Global

“Japan” RoHS

Global

“Korea” RoHS

“China” RoHS

Global

Contains requirements for compliance to EU RoHS.
As “an executive order” It has the force of U.S. law,
but since RoHS doesn’t apply to defense, the EO does
not affect procurement of military electronics by DoD.

Prohibits use of elemental lead in certain product
categories, most of which impact A&D in terms of
COTS items that are acquired. While A&D are excluded,
impact is still felt from COTS usage.

Does not necessarily ban use of elemental lead,
but does impose “disposal” fee on manufacturers.

Somewhat consistent with the EU’s RoHS, but Korea
RoHS does not require labeling of product as compliant.
Korea RoHS also has a recycling provision that is more
“prescriptive” from the EU’s WEEE directive.

Uses a catalog that identifies all Electronic Information
Product (EIP) under the China RoHS guidelines. The
implementation responsibility falls upon the manufacturer
and the importer of the EIP. Many product types that are
not within the scope of EU RoHS are within the scope

of China RoHS, including automotive electronics, radar
equipment, medical devices, semiconductor and other
manufacturing equipment, components, some raw
materials, and some packaging materials. Implements
test requirements by approved laboratories on products to
verify compliance to material limits via a catalog approach.
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Standard/Regulation

California SB 20 contains both RoHS and WEEE-like provisions.
The only substances restricted are “certain heavy
metals,” specifically lead, mercury, cadmium and
hexavalent chromium. In contrast to the EU, California
does not restrict PBB and PBDE.

M No Impact to A&D Minimal Impact to A&D W Major Impact to A&D

Table 3.7 Summary of regulations affecting elemental lead usage.

The materials allowed in the final systems requirements is a synthesis of the standard materials
used within a manufacturer’s processes, and the customer’s allowable materials. Materials and
process plans (MPP) or system engineering management plans (SEMP) can be used to coordinate
materials use on a program.

Issues/Gaps/Misconceptions

1

Issue: Regulatory agencies are banning/limiting materials without due diligence
with respect to industry performance and product impact.

Issue: Use of Pb-free finishes can exacerbate the tin whisker phenomena.

Misconception: There are environmentally safe drop-in replacements for SnPb solder;
this is not the case.

Issue: Recently, the number of materials on restricted/prohibited lists has grown dramatically
due to various legjslative activities and executive orders. There are increasing numbers

of customers and programs that are specifying materials being used in electronic systems
based on “boiler plate” language derived from other types of equipment. For example, it

is unreasonable to expect that an electronic assembly can be made without a nickel plated
layer, which is an essential barrier material for dissolution and diffusion, and for which there
is no replacement

Issue: Managing an extensive restricted and prohibited materials list for electronic products
is a very challenging task because electronic assemblies are comprised of many thousands
of parts from hundreds of suppliers. Certifying compliance to restricted and prohibited
materials lists can be quite costly if all the data from the piece parts is not collected up
front in the part selection process. Evaluating the extensive lists of restricted materials

can result in a costly review process that should be accounted for during project planning
and contracting.
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6. Issue: Solder materials are often specified indirectly when electronic assembly soldering
is required in accordance with J-STD-001. Unfortunately, J-STD-001 allows for multiple
Pb-free alloys under certain conditions, which may not give sufficient guidance for
sustainability considerations.

Conclusions

Presently, there is no drop-in environmentally conforming Pb-free solder that meets the SnPb
current baseline practice for performance and reliability. Some Pb-free alloys show comparability
with SnPb under certain limited service conditions, but no one material has yet to meet SnPb
current baseline practice performance.

Recommendations

1. Itis recommended that the review of material requirements with hardware design,
manufacturing, and environmental health and safety (EHS) be performed as early
as possible in the systems planning, contracting, and design cycle.

. Systems engineering management plan requirements should mandate that solder
alloy materials be part of the design documentation, part of COTS requirements,
and the sustainment package.

It may be advantageous to accumulate the materials data for electronic parts in a database.

. Restricted and prohibited materials: It is important to work with customers early in the
proposal process to review the true health concerns as it pertains to the use of these
materials in electronics. Restrictions on the use of lead (Pb) may be encountered in
this section.

. Required materials: In the future, it is recommended that customers will specify specific
solder alloys for assemblies in order to reduce proliferation of solder alloys needed in repair.

. Materials compatibility list: It is recommended that customers require compatibility with
other materials.

Encourage research to develop a Pb-free alloy (per RoHS regulated acceptable materials)
that meets or exceeds eutectic SnPb performance and reliability requirements (thermal
cycle, vibration, mechanical shock).

. Generate design guidelines (at CCA, box, unit or other COTS-item level) to close the
performance gaps.
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9. For sustainability reasons, encourage platform and customer guidance on compatibility
requirements for solder repair alloys. Note that if the repair alloy is different from the build
alloy, it may be necessary to perform additional analysis and/or qualification testing to
substantiate the mixture of as-built and repair alloys.

3.2.3 System Criticality Requirements

Critical Elements of Safety Systems and Non-Safety Systems

Current Baseline Practice

At the present time, electronics systems are broken down into two major classes (1) non-safety
systems and (2) safety systems. The non-safety critical systems will have reliability requirements.

While the safety systems require systems safety analysis utilizing a combination of fault trees,
FMECA, etc., linkage of circuit functions to severity for military/DoD programs is made through
the standard practice for systems safety (MIL-STD-882) and FMEA (MIL-STD-1629A).

For commercial programs, failure conditions are identified per the system development process
(SAE ARP4754) and the system safety assessment (ARP4761; FAA AC25.1309) and others.

A typical proactive systems safety program is outlined in Figure 3.6. This is the place where failure

distributions driven by Pb-free changes will be observed at the design level.

Mission Needs
Analysis

Contract
Requirements

Additional Safety
Requirements

M A&D Low Risk

Safety Design
Criteria

A&D Low/Moderate Risk

Prototype Test

System Safety
Analysis

Design Approval

Y

Design Reviews

Production
and Test

A&D Moderate Risk M A&D Moderate/High Risk

Figure 3.6 Typical proactive systems safety program [Source: FAA Systems Safety Handbook 2000].
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Issues/Gaps/Misconceptions

Issue: The additional safety requirements, design reviews and the system safety analysis process
may need updates for Pb-free considerations.

Conclusions
A set of comprehensive specifications are currently used to govern system safety analysis.
Recommendations

1. ltis a technical imperative that safety systems add GEIA-STD-0005-1 to the appropriate
standards that are used to assure A&D systems safety.

Recommend review and/or update of MIL-STD-882 and other related systems safety
standards for consistency.

Pb-Free Considerations During Fault Tolerance Assessment
Current Baseline Practice

At the present time, the following Pb-free impacted items are routinely addressed in the fault
tolerance assessment:

FTA (Fault Tree Analysis)

FMEA (Failure Mode and Effects Analysis) for non-systems safety products
FMECA (Failure Mode, Effects, and Criticality Analysis) for systems safety products
Short circuit and open circuit condition qualitative/quantitative risk assessment
Intermittence during start-up and steady state operation risk assessment

The FMECA/FTA typically looks at a single failure at a time and its effects on the system. There
could be multiple tin whisker failures that occur clustered together in time if (some of) the factors
that promote whisker growth are common. (Note: This is not unique to tin whiskers; it's true in other
cases, such as instances where fault conditions result from multiple parts from the same defective
lot present in a unit.) Whisker risk factors such as a production run of possibly defective tin plating
on the same lot of parts, exposed to the same environment, side by side on the same board, could
contribute to multiple failures clustered together. But there are still likely to be many other factors
that randomly affect the time to failure, such as growth rates (spurts), geometric angle, distance

to the nearest lead/conductor, and conformal coat thickness and hardness. So the risk may be
more akin to multiple faults, or multiple intermittent faults, as opposed to a common fault affecting
two or more circuits simultaneously.
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As time goes on, tin whisker risk is expected to increase as the tin regions have greater opportunities
to grow. At some point, tin whisker shorts may increase in frequency and approach more of a
“common cause,” or have nearly simultaneous single failures that look like multiple failures.
However, the field failure trends should provide data on the rate of whisker failure occurrence,

and allow adjustments to be made in maintenance schedules to ensure continued safe operation.

Issues/Gaps/Misconceptions

1. Issue: Currently, Pb-free failure modes are not part of the table of failure modes which
may result in the following:

* Challenging fault tolerance assumptions.
* Assumption of one failure at a time may be challenged.
. Gap: Pb-free aggravates fault rates to varying extents for the following failure modes:

Short circuit modes:

* New: pad cratering leading to electrical leakage, tin whisker bridging, metal
vapor arcing high energy short.
Made worse: Higher temperature processing may increase solder defects
or incidence of CAF, low surface insulation resistance, cracks in moisture
sensitive components, component warpage (e.g., area array head-in-pillow
solder joints), or multilayer ceramic capacitor cracks.

Open circuit modes:

e New: Pad cratering leading to fractured PCB conductor.

¢ Made worse: PCB delamination, solder joint failure, intermetallic failure, surface
trace failure, PTH/via failure, inner trace failure, solder electromigration, open
following high energy short.

Intermittent open/short circuit modes:

* The intermittent as a class of failure has been a significant challenge to historic FME.
Introducing large numbers of intermittent failures may result in a re-examination
of the FME analysis activity. Most mechanical fractures exhibit intermittent open
circuit conditions prior to manifesting itself as a full open circuit. In addition, tin
whisker failures usually manifest themselves as intermittent short circuit conditions
to neighboring connections.
Intermittent failure conditions are often masked as no-fault-found during
troubleshooting during returned hardware assessment.
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With the anticipated increase of Pb-free related failures, at least for a period of time, the risk factors
may increase the system fault burden to varying degrees, depending upon the functional circuit
element design, the environmental conditions, the whisker mitigations and the maturity of the
Pb-free assembly process.

Conclusions

The fault tree and FMEA/FMECA analysis is well established for many programs and the fundamental
method of analysis is unchanged for Pb-free. There are expected to be greater incidence of short
circuit, open circuit, and intermittent connections especially during the early introduction of Pb-free
interconnect technologies.

Recommendations
The following items are recommended:

1. Systems engineering must work with reliability to identify and quantify the contributions of
Pb-free technology to the short circuit, open circuit, and intermittent Pb-free failure modes.

. The tin whisker risk shorting failure mode ranges from intermittent, to fixed shorting, to
catastrophic arcing and needs to be added to the table of failure mode types in order to
facilitate subsequent FME analysis.

It is imperative that an adequate level of field failure monitoring and failure analysis
is instituted so that an increase in failure rate due to tin whiskers would be captured.

Product design engineering should consider changes to the failure rates associated
with higher processing temperatures necessitated by Pb-free solder that will reduce
process windows during soldering, and increases in assembly complications due to
tin whisker mitigations.

Environmental stress screening (ESS) test plans should consider applicable Pb-free failure
modes for screening of infant mortal defects.

Pb-Free Considerations During Functional Block Definition
Current Baseline Practice

Assessing and assigning tin whisker risk level may be done at the system, the line removable
module LRU, and/or the CCA. The more costly and extensive tin whisker risk mitigations are often
integrated into the design as a function of the circuit element group criticality.
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Issues/Gaps/Misconceptions

Gap: The link between tin finish and Pb-free solder use, on a particular function circuit element, occurs
at various stages of the design but is often not captured sufficiently in a searchable database.

Conclusions

The system functional block assignment process is an established, robust process that can be
updated to accommodate tin whisker risk management.

Recommendations

It is important to track circuit element groups to facilitate updates to the tin whisker risk
mitigation approaches and changes to Pb-free risk assessment, if additional Pb-free failure
modes are encountered.

3.2.4 Electrical Testing Requirements
The focus is on finding opportunities for improvement in fault (including intermittent) coverage.
Current Baseline Practice

Testing is performed in accordance with processes and/or procedures cited in specific contract
or statements-of-work. Many of the current test instruments utilize digjtal processing of signals.
While digital measurements may be highly accurate when the source measured is stable and/or
repetitive, in cases where the source is intermittent, noisy or unstable, it is an entirely different
matter. To smooth these noisy and randomly changing signals, digital averaging is used and as
a result, a portion of the unexpected intermittent defect may not be observed. This will depend
on the frequency and duty cycle of these glitches [11]. The inability of improperly designed
System/LRU/CCA self test and/or test equipment to catch intermittent conditions, is likely to
contribute to increasing the rate of no fault found (NFF) conditions, where users report failures
that are not replicated on the ground during testing.

Issues/Gaps/Misconceptions

Issue: There is a concern that electrical intermittent failures may not receive the level of attention
that is warranted. One common failure mode, manifested by whiskers, is intermittence. Such
phenomena can be a major concern for high reliability-required systems, e.g. safety and mission
critical requirements. New failure mechanisms exist with Pb-free alloys, and they can manifest
themselves as latent field failures not discovered by testing.
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Conclusions

The improved detection of intermittent electrical phenomena, from tin whiskers and other
Pb-free failure mechanisms, can help avoid potentially catastrophic failures.

Recommendations

1. Develop built in test and external test methodologies to improve the capture
of intermittent electrical operations.

. Generate a methodology to assess tin whiskers as a source of intermittent
electrical phenomenon.

3.2.5 Manufacturing Requirements

Within performance-based acquisition, customer-imposed manufacturing requirements are
few in number. However, in high reliability systems, such requirements are a necessity to address
concerns from materials (e.g., presence of pure tin), soldering, and others.

Current Baseline Practice

Material requirements can include prohibition of pure tin surface finishes. Operational requirements
may include use of J-STD-001 for soldering as well as customer-specific (via contract or statement-
of-work) requirements.

Issues/Gaps/Misconceptions

1. Issue: It is an issue for A&D programs that J-STD-001 allows for multiple Pb-free alloys under
certain conditions, which may not give sufficient guidance for sustainability considerations.

Issue: The mixed alloy situation that results from using Pb-free ball grid array (BGA) components
with a SnPb soldering process, will require attention as material selection/processes appear
to be supplier specific (Manufacturing Section 4.6).

Conclusions

J-STD-001, the umbrella standard for soldered assembilies, allows solder alloys other than Sn60A,
Pb36B, and Sn63A to be used, provided that the required electrical and mechanical attributes and
all other conditions of J-STD-001 standard are met, and objective evidence of such is available for
review. Thus in principle, multiple Pb-free alloys can be used, but they may adversely impact repair
during sustainability.
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Recommendations

1. An update to J-STD-001 is needed, to improve the definition of “objective evidence” where
Pb-free solder is used in place of SnPb. Pb-free solder is an emerging technology for high
reliability applications. Changes to J-STD-001 need to be considered immature until sufficient
data is available to prove the integrity of the new requirements.

. Additional data must be acquired by performing Pb-free rework/repair reliability studies,
some of which are presently underway.

3.2.6 Sustainment Requirements
Current Baseline Practice

Sustainment includes supply chain, integrated logistics support, and repair as is illustrated
in Figure 3.7.

Customer
Requirements (Life
Cycle Management)

Y

Systems Design for
Engineering Design | ¢ Manufacturing

Data Package
Reliability and Test

Sustainment Y

Process Documents Sl

Repair Processes
P Manufacturing

Technical Manuals

Logistics Fielding

Addressed in Other Sections

Configuration
Management

M Pb-Free Updates Urgently Required

Figure 3.7 Sustainment Impact. Introduction of Pb-free materials and processes will require significant
changes in sustainment practices.
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Customer requirements that define the logistics program have evolved over time to accommodate
primarily SnPb assemblies. The general systems requirements define appropriate elements, but
some specific concerns for Pb-free assemblies exist. Some standards and guidelines have been
released (J-STD-609) to address component marking/identification but these are not mandatory
within the commercial industry. For repair, GEIA-HB-0005-3 has been released for guidance on
repair/rework of Pb-free for A&D equipment.

Issues/Gaps/Misconceptions

1. lIssue: Supply chain, integrated logistics support, and repair processes are executed per
program-specific (which may include military or federal standards) requirements. To date,
none of these practices has undergone standard modifications or adaptations for Pb-free.

Issue: Design interface. The incorporation of Pb-free introduces the potential use of a wide
variety of materials and processes that have significant effects on logistics requirements,
particularly repair practices and spare part materials procurement. Construction and layout
of assemblies impacts maintainability and repairability. The interface between logistics
disciplines and the design authority should address particular Pb-free issues.

. Gap: Differentiation in part marking/identification for Pb-free is required.

. Gap: Provisioning plans may need to include increased spare parts due to Pb-free
performance shortfalls.

5. Issue: Customer repair facilities may require repair with only one Pb-free alloy.
Conclusions

The supply chain Pb-free transition will have profound impacts on all elements of sustainment.
Present practices include the essential elements for assuring sustainment, but the materials
properties and compatibility issues introduced by Pb-free assemblies will require major changes
in the detailed implementation practices. Supply chain, logistics support, and maintenance
organizations need guidance/direction in configuration management, spare part provisioning,
and repair.

Recommendations

1. Implement Pb-free Control Plans in accordance with GEIA-STD-0005-1 broadly
across the system supply chain.

2. Implement repair guidance such as GEIA-HB-0005-3 in the repair depots.

3. Formulate a supply chain strategy with focus on control of Pb-free components.
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4. System integrators need to require the use of a part marking standard for Pb-free
if the specific solder material is part of the technical data package.

. Consider aggressive preventative maintenance schedules with suitable spare parts
to swap out units for examination, rework and repair.

Model and quantify repair costs and requirements using a model such as the one

being developed by Dr. Peter Sandborn of University of Maryland CALCE EPS. The

model is a Pb-free Electronics Use and Repair Dynamic Simulation [12]. Include Pb-free
sustainability considerations in the customer requirements and the systems engineering
management plan.

3.2.7 COTS Assembly Management Requirements
Current Baseline Practice

In addition to circuit card assemblies manufactured by A&D OEMs or contract manufacturers,
A&D programs incorporate purchased COTS assemblies into their products. Those assemblies
may be categorized in a number of ways, but for purposes of this report, the two main categories
are (1) those not within A&D control (NWADC), e.g., purchased disk drives, and (2) those within
A&D control (WADC), e.g., Versa Module Eurocard (VME) circuit card assemblies. It is important
for A&D users to assure the reliability of both categories in their applications. There is presently
no current baseline practice for dealing with the impact of Pb-free electronics for these products.

Issues/Gaps/Misconceptions

1. Gap: Very little information regarding solder assembly materials or processes is available
to the users of NWADC assembilies in the first category (Current Baseline Practice);
furthermore, changes are made with little or no notification or visibility, and it is almost
certain that the transition to Pb-free solder has been made in most of these assemblies.

Issue: The most obvious examples of the WDAC second type of assembly (Current Baseline
Practice) are the VME cards used mostly in military aerospace programs. VME BUS card
manufacturers are strongly influenced by military requirements, but typically do not manufacture
their products to the requirements of any specific program. The manufacturers of these
assemblies work through their VITA organization (VMEbus International Trade Association).
To date, there has been little involvement of these manufacturers in the Pb-free activities
sponsored by various A&D organizations. This is identified as a serious gap.
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Conclusions

A&D users have the responsibility to assure reliability of assemblies acquired from sources not
within A&D control. They must do this with little information or assistance from the manufacturers.
A&D users are in a position to influence the manufactures of the second category of assemblies
listed under 3.2.7 (Current Baseline Practice).

Recommendations

1. The only way the users of NWDAC assemblies from the first category (Current Baseline
Practice) can assure their reliability is to re-evaluate them periodically throughout the life
cycle, and all users should do so. This re-evaluation may include:

Periodic inspection of incoming assembilies to identify the assembly materials
and processes used.

Periodic re-qualification of the product with recently-received assemblies.
Periodic re-qualification of recently-received assemblies.

Periodic examination of in-service products for tin whisker formation.
Accessing all available information about the supplier and the product.

. A&D program requirements for WADC assemblies in the second category (Current Baseline
Practice) should be updated to include requirements to manage the use of Pb-free electronics.
It is also recommended that all manufacturers of these assemblies be required to have
Pb-free Control Plans, verified as compliant to GEIA-STD-0005-1.

Manufacturers of VME cards and other assemblies within A&D control should participate
more actively in A&D Pb-free activities and whisker mitigation evaluations.

3.2.8 Environmental Condition Specification

The environmental condition definition includes those service conditions that directly affect system/
product performance during its intended use, including storage. The designer needs to evaluate the
impact when assessing the performance of Pb-free at all levels (component, PCB, CCA) of product
development. Also under consideration, should be the effects of tin whiskers as potential causes

of failure. The degree of impact (e.g., safety, mission critical, etc.) needs to be considered, and
mitigation plans must be appropriately generated. In cases where the customer has provided
complete definition of the line replaceable unit (LRU) field conditions, these LRU level conditions
must be translated to the CCA level using a combination of modeling, analysis and test to facilitate
detailed solder stress analysis.
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Current Baseline Practice
Examples of typical environmental conditions are (Figure 3.3):

1. Temperature Requirements
* Storage temperature excursions ranging from -55°C to +125°C
* Normal mission temperature range
* Cold day mission temperature
* Hot day mission temperature

. Vibration (airborne example)
*  Take-off
* Cruise
*  Afterburner

. Shock (airborne example)
* Landing
* Crash
* Explosive
*  Gunfire

4. Humidity
5. Bench Handling and Shipping Drop Requirements

These design conditions are sometimes based on such standards/handbooks as MIL-STD-810,
MIL-STD-1389, MIL-S-901, and others or derived from service data.

Issues/Gaps/Misconceptions

1. lIssue: To date, equipment produced with any of the currently available Pb-free alloys
has not demonstrated the ability to conform to all performance requirements.

Issue: Furthermore, COTS becomes a concern since the designer cannot control the
components or materials used in the item.

. Gap: Since most A&D products experience multiple service conditions, a combined
environment test would be more practical and accurate in assessing compliance to
performance requirements. However, the concept of combined environments is still
a point of contention in the industry.
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4. Gap: In cases where the environmental conditions are not defined, assumptions are often
applied that can either result in significant added cost due to over design, or incorrect
computation of solder joint life in actual service. For instance, a storage temperature of
125°C is often specified, but duration is not given. While this may have been acceptable
for SnPb soldered electronic assemblies, for Pb-free, intermetallic growth between the
solder and the pad is more extensive and there may be increased incidence of intermetallic
fracture under extensive high temperature aging. Alternatively, it is also true that Pb-free alloy
material properties can change dramatically with extended aging that reduces subsequent
thermal cycling reliability.

Conclusions

While some alloys have performed comparably to eutectic SnPb solder under limited stress levels,
no one Pb-free material (characterized to date) has produced satisfactory results for all harsh
environments. Additional analysis and testing is needed to determine requirements for testing

and qualification of Pb-free alloys. During the introduction of Pb-free solder, an accurate accounting
of the environmental conditions will improve the likelihood of Pb-free solder success.

Recommendations

1. As compared to SnPb, product built with Pb-free solder may have reduced margins, therefore
the user and customer would benefit by obtaining concurrence on the final use environments
rather than relying on traditional testing. This is a technical imperative.

. A methodology or protocol should be established in which the customer/stakeholder
and supplier collaboratively work to carefully select appropriate and accurate operating,
transportation, and storage requirements.

. Consider controlled storage of released equipment and/or development of an aggressive
preventative maintenance schedule with suitable spare parts to swap out units for
examination/rework/repair. A shorter warranty life cycle will be imperative.

. Given that Pb-free solder is likely to be more sensitive to high stress conditions, it is
important that accurate environmental conditions are provided early in the design process.
The completeness of the environmental temperature, vibration, and shock condition
specification varies considerably by customer and program.

In addition to the thermal and the mechanical dynamic environments, any humidity,
corrosive gas, or salt fog test requirements should be specified.
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6. Utilize the guidance in GEIA-HB-0005-2 for the description of the service environments
and the decomposition of these conditions to the circuit card level so that accurate solder
stress modeling can be performed.

3.2.9 Qualification Test Requirements
Current Baseline Practice

Quite frequently, the successful completion of a formal qualification test is required as part of the
contract performance. A summary of the qualification test types, goals and requirements is shown
in Figure 3.8. In the present section, the product LRU (line replaceable unit) qualification is the
focus of the discussion.

Qualification
Requirements
Design

Necessary
Level of Life
Model Fidelity

Qualification Qualification
Type Goal

Significant Gap for Aerospace and Defense Systems

Verify Life in
Intended Service High
with Margin

Application
Specific
Requirements

Product (e.g., LRU)

Sub-Assembly (e.g.,
Circuit Card, Pressure
Transducer)

Process (e.g., CCA
Soldering)

Part (e.g., Plastic

Encapsulated
Microcircuit, Resistor,
Connector, Relay)

B A&D Low Risk

Verify Performance to
Generic Requirements
(e.g. Minimum Integrity)

A&D Moderate Risk M A&D Moderate/High Risk B A&D High Risk

Figure 3.8 Typical qualification tests, requirements design and qualification goal.




3. Design

A significant difference between consumer and A&D products is that three to five years can elapse
between the time the qualification requirements are developed by the customer, and the time when
the qualification test is performed. In that time, it is possible that a new and much better Pb-free
solder alloy has been developed, new failure modes have been encountered, or test practices have
been optimized.

As is shown in Figure 3.9, the development of a complete environmental test plan requires interaction
between several groups. Qualification test parameters frequently accelerate the life of the Pb-free
interconnections by one or multiple (safety factor) service lifetimes. The test is typically destructive
and performed on a representative production sample or on lot-samples.

MIL-STD-810G Environmental Design/Test Tailoring Guidance

Environmental Engineering

Engineering Designs
Management Plan

and Specifications

Mission Need
Statement

Operational  LifeCycle MIL:STD-810G
Environmental Profile

Requirements Document Part 2 Laboratory

Operational Test Methods

Environmental Design/
Test Requirements

System Engineering

Management Plan Natural Environment

Field/Fleet

Test and Evaluation -
Environmental Test Test Facilities

Master Plan
Plans/Reports and Procedures

Environmental Engineering Design/Test Engineers

Program Manager
g g Specialists and Facility Operators

Figure 3.9 Roles of acquisition personnel in environmental design/test tailoring process [Source: MIL-STD-810,
Figure 1.2].

Qualification tests use assets that replicate, as much as possible, the design and manufacturing
processes used to make the fielded hardware, including any pre-treatments. The tests are typically
performed before the start of full production, or after a design change during production. Among
the accelerated life tests are temperature cycling (TC), mechanical shock, and vibration. The typical
methodology is to establish the qualification test parameters based upon a computational model,
which correlates the accelerated aging test parameters to service life conditions. Qualification
tests can include or be used in conjunction with accelerated life testing (ALT) or highly accelerated
life testing (HALT) testing, which are arranged in such a manner that the accelerated aging test
parameters only activate the service life failure modes.
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The greater the degree of acceleration in a test as compared to service, the greater the risk of
applying these tests directly to Pb-free. If the qualification test is intended to verify lifetime in a
specific application environment, then current test protocols are probably insufficient, and need
to be reassessed in light of the new Pb-free material behavior and fatigue models. The typical test
method development includes:

1. Service life determination and decomposition of environments (TC, Vibe, Shock)
as defined by (or with the concurrence of) the customer.

. A model correlating solder stress cycles to fatigue life for a particular alloy and part
(created by reliability and used by the customer/test method engineer to create
qualification requirements).

. The definition of test method details to provide confidence of field performance
(e.g., to verify a LRU lifetime with margin) which includes:

Starting condition of the LRU (e.g., ESS completed, preconditioned,
newly manufactured, etc.)

The number of LRUs

Established vibration levels and durations

Established shock levels, pulse type and number of pulses
Established temperature cycling, temperature, ramp rated, dwell time
Established the sequence of testing (which test on which LRU)

. Criterion for successful completion of the test (electrical performance, visual criterion,
destructive physical analysis, etc.) before the test starts.

Execution of the test (monitoring electrical functionality, type of test equipment,
calibration, etc.).

Review of electrical results and physical inspection.
7. Disposition of failures (if any) and retest (if necessary).

8. Certification of completion.

Depending upon the heritage of the program (DoD Service Branch, NASA, Commercial Avionics, etc.)
A&D products have many current baseline practice qualification test approaches (Table 3.8).
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Standard/Method/
Approach

MIL-STD-810
Department of Defense
Test Method Standard

Origin

Comments

Provides engineering direction
for considering the influences
that environmental stresses
have on military equipment
throughout all phases of

its service life. Uses an
environmental tailoring process
that results in realistic material
designs and test methods
based on material system
performance requirements.

Issues/Gaps

SnPb assemblies have

been implicitly used in its
development. The document
has 804 pages and the word
“solder” is mentioned twice

in the fluid contamination
section. The methodologies
are generally ok but all the set
points for mechanical stress
tests involving temperature
cycle, vibration, or shock

need to be reconsidered for
Pb-free failure modes and
Pb-free models are needed to
validate the tailoring approach.

MIL-STD-1389
Requirements for
Employing Standard
Electronic Modules

This standard establishes
the design requirements for
Standard Electronic Modules
(SEM) and includes
requirements for thermal
cycle, vibration, and shock.

No Pb-free material has

yet proven to meet all
environmental requirements
per Section 5.3.

MIL-S-901 Requirements
for Shock Tests, High
Impact (of) Shipboard
Machinery, Equipment
and Systems

The purpose of this
specification is to verify the
ability of shipboard equipment
and installations to withstand
shock loadings which may be
incurred during wartime service
due to the effects of nuclear

or conventional weapons.

Most Pb-free materials fail
simple drop shock testing.
Some work is underway in
evaluating low silver content
materials for compliance,
however thermal cycling life
may be impacted.
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Standard/Method/
Approach

RTCA-DO-160
Environmental Conditions
and Test Procedures for
Airborne Equipment
(implied to electronics)

Origin

Radio
Technical
Commission
for
Aeronautics

Comments

RTCA-DO-160 is intended to
provide practical boundary
conditions between the
requirements of the real
world installations and
performance of installed
equipment. The document
outlines a set of minimal
standard environmental test
conditions (categories) and
corresponding test procedures
for airborne equipment.

Issues/Gaps

The document has 406 pages
and the word solder is not
mentioned in the document.
RTCA-DO-160 (or its precursor,
D0-138) has been used as

a standard for environmental
qualification testing since
1958 suggesting that SnPb
acceleration factors have
been implicitly used in its
development. Vibration test
levels/durations and shock
levels/durations are specified
for various aircraft types and
location zones on the aircraft.
These tests need to be
evaluated for Pb-free solder
fatigue models, aging effects on
vibe/shock and failure modes.

RTCA-DO-254

Design Assurance
Guidance for Airborne
Electronic Hardware

Radio
Technical
Commission
for
Aeronautics

RTCA-DO-254 provides design
assurance guidance for the
development of airborne
electronics hardware such
that it safely performs its
intended function, in its
specified environments.

RTCA-DO-254 is a general
requirement for the
development of assurance
plans and does not
specifically mention solder
alloy considerations.

GEIA-STD-0005-3
Performance Testing
for Aerospace and

High Performance
Electronic Interconnects
Containing Pb-free
Solder and Finishes

AlA, GEIA,
AMC

Provides a methodology for
testing assemblies with Pb-free
interconnections emphasizing
material differences in

Pb-free solders.

Combined environment test
approach needs improvement.
Acquisition and assessment
of Pb-free field data needed
to validate protocol approach.
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Standard/Method/ Origin Comments Issues/Gaps
Approach

IPC-9701A Performance Focuses on electronic Addresses Pb-free in an

Test Methods interconnection assembly appendix that provides an

and Qualification thermal cycling testing. option for extended dwell time,
Requirements for but does not differentiate
Surface Mount between the various

Solder Attachments Pb-free solders.

Table 3.8 Summary of some current baseline practice qualification test approaches.

Issues/Gaps/Misconceptions

1.

Gap: The computational Pb-free solder joint models that are required to develop
the acceleration factors needed to correlate the accelerated aging test parameters
with the service life conditions, are at various states of maturity.

. Gap: Without accurate acceleration models, the use of the current specifications

may not provide sufficient margin.

. Gap: Current tests do not consider Pb-free solder properties or failure modes during

test tailoring, except GEIA-STD-0005-3.

. Gap: A particularly challenging issue is to properly account for the order of environmental

fatigue testing. For instance, performing low amplitude vibration testing on a Pb-free
assembly has been shown to nearly double its life when subsequently subjected to
higher vibration levels [13].

. Gap: GEIA-STD-0005-3 suggests some protocol approaches for “performance” tests with

the designer deciding on purpose and use of the results. Still, this document needs more
time for user feedback in order to validate its acceptability.

. Gap: Since there is a rapid rate of new information being accumulated for Pb-free use in A&D

applications, there needs to be a way to make adjustments to the qualification requirements
and/or contract costs developed during the initial project planning. Not three to five years
later when the qualification of the LRU or the vehicle system is being performed.

Issue: Until Pb-free qualification requirements are worked out, heritage SnPb based test
protocols will continue to be used at risk.
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8. Issue: LRU qualification tests typically do not consider fatigue exponents associated with
the acceleration of the PCB failure mechanisms, such as copper PTH fatigue or laminate
fatigue leading to pad cratering. It may not be possible to evaluate thermal cycling solder
fatigue without having the PTHs fail first, because the copper fatigue exponent is
considerably higher than the solder.

. Gap: Tin whisker growth is sporadic, inconsistent, intermittent, and is sensitive to many
factors, especially initial conditions. Existing whisker growth models are limited in their ability
to predict whisker growth rates, latency periods, surface densities, morphologies (especially
whether they grow straight or kinked), or ultimate lengths. Adequate data is unavailable
for analysis, and qualification tests are usually too brief to detect whisker problems.

Gap: There are insufficient programmatic considerations to account for the rapid changes
in Pb-free reliability knowledge. The time that transpires from the budgeted qualification
test in the contract, to the time of actual performance, is typically three to five years.
Thus, there is a potential for significant changes to the qualification cost and schedule.

Conclusions

While a consensus is still lacking in qualification test requirements, a Pb-free focused test
methodology would better suit the A&D industry. If the qualification test is intended to define
minimum integrity, then it may be sufficient.

Recommendations

Consider an approach in which qualification testing requirements are considered application specific,
and consider Pb-free material properties and failure modes in the test method development. To
support this course of action, several additional recommendations are presented:

1. Reassess methods and margin levels in qualification tests intended to verify lifetime in
a specific application environment. This will account for the new Pb-free material behavior
and fatigue models.

It is strongly recommended that qualification testing parameters must be based upon
service life requirements, and not simply on lower bounds benchmarks, as is the case in
most current qualification and acceptance documents. A computational model is the only
cost-effective means to realize this goal.

. Solicit feedback from users of GEIA-STD-0005-3 to assess strengths and weaknesses
of its approach.
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. Generate a complete database of material properties and reliability data for the preferred
Pb-free alloys (e.g., SAC105, SAC305, SAC405, and SnNiCu) and complete various
prediction models. Note that several industry/academic consortia and working groups
have embarked in such work; most notably, but not limited to, University of Maryland
CALCE Electronic Products and Systems Consortium, Auburn University Center for
Advanced Vehicular Electronics (CAVE®), and UNOVIS.

Intensive test efforts are needed which continually validate computational models against
current and future package designs, including Pb-free solder joint geometries, materials
sets and test, as well as service life environments.

Much more work is needed to understand how tin whiskers grow under various conditions.

Customer program and systems engineering plans should require a re-evaluation of the
qualification plans prior to execution to ensure that the most up to date Pb-free reliability
knowledge is considered.

3.2.10 Reliability and Life Requirements
Current Baseline Practice

MIL-HDBK-217 has been a primary reference used in generating program-specific reliability
requirements that has evolved with many years of SnPb assembly data. For tin whiskers, while
no reliability standard exists, GEIA-STD-0005-2 provides requirements for identifying risk levels
which subsequently can be utilized for mitigation plans.

Life analysis is based on an evaluation of wear out mechanisms such as solder fatigue. In the life
assessment of Pb-free assemblies, the failure mechanisms (Section 7.0, Reliability) are evaluated
to the extent permitted by the maturity of the models.

Issues/Gaps/Misconceptions
1. In regards to MIL-HDBK-217, the influence of Pb-free on pi factors has not been established.
2. For Pb-free solders, solder fatigue models are at various states of completion.
Incomplete models prevent use of tin whisker growth in the life determination.
Lack of long term A&D Pb-free solder use data hinders improvement of the life models.

. There is a lack of models for the other failure modes exacerbated by Pb-free solders
such as intermetallic failure, pad cratering, conductive anodic filament formation, etc.
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Conclusions

Use of MIL-HDBK-217 as a reliability standard for assemblies using Pb-free interconnections

may not be accurate at this time. There are no reliability standards or life models for tin whiskers.
As with SnPb solders, the fidelity of life models for failure modes other than solder fatigue could
be improved.

Recommendations

1. The generation of reliability models via a physics-of-failure approach should be given more
attention and considered as an alternative for a methodology.

. GEIA-STD-0005-2 should be augmented as more failure data becomes available.

. There is a need to obtain life data from fielded Pb-free assemblies in environments
comparable to A&D applications.

Models need to be developed for Pb-free solder fatigue and other Pb-free failure modes.

Increase the use of prognostics/health monitoring methods and “on-board” environmental
data recording to improve subsequent analysis of field data. These methods must be
sensitive to intermittent failures of short duration.

3.2.11 Cost Associated with Pb-Free Electronics
Current Baseline Practice

The transition by the supply base to Pb-free electronics has resulted in new and increased costs
to the OEMs to manage risk and maintain reliability for A&D products. These costs include, but
are not limited to:

1. Preparation and governance of Pb-free Control Plans.

2. Engineering efforts to understand the technical performance of Pb-free electronics,
particularly regarding reliability risk and product sustainability.

Cost to develop design rules and guidelines for Pb-free electronics.

Cost to develop reliability prediction models for new alloys, combinations
of alloys, and mixtures of these with SnPb.

Cost to develop new test protocols.
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Increased supply chain management efforts.

Cost to add new purchase order notes or drawing notes forbidding the use
of Pb-free electronics without contractual approval.

Costs to track, analyze and mitigate the extensive numbers of piece part
and assembly changes to Pb-free.

Increased receiving inspection activities to detect unexpected intrusions of Pb-free
electronics and their disposition (Section 4.11, Manufacturing).

Increase in configuration management of Pb-free product and the corresponding
documentation - including product identification and labeling.

Increase in manufacturing costs associated with Pb-free builds to include tighter
process controls, mitigation strategies, and product acceptance.

An expected increase in frequency and cost to rework and repair defective mixed
alloy electronics (containing SnPb solder and Pb-free components) and 100% Pb-free
electronics - this applies to both work-in-process hardware and fielded systems.

. An increase cost in the sustainment of dual lines within depots to accommodate
SnPb and Pb-free and the configuration management of dual systems.

9. Increased awareness and product build repair and rework training.

There is also a growing impact on the procurement cost of COTS materials:

e Due to the shift in supply and demand, SnPb-based COTS component prices have
increased by 30% to 50%, with the largest percentage occurring for the lowest cost
components (capacitors, resistors, etc.).

COTS components no longer available with SnPb-coated leads are being reprocessed
using SnPb hot solder dipping to ensure acceptable component solderability, and
a mitigation against tin whisker growth on leads coated in pure tin.

COTS Ball Grid Arrays (BGAs) that are no longer available with SnPb solder balls are
being reballed with SnPb solder balls.

As A&D companies are forced to transition to Pb-free electronics, the number and severity

of technical risks have increased. The cost impact ranges from the need to train designers in
the use of these new alloys, to the associated R&D and test. There is also a need for familiarity
with the capital investment cost to establish new production lines that are dedicated to Pb-free
manufacturing and sustainment processes.
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All of these factors increase cost and create a dilemma for program managers who are trying to
maintain the appropriate balance between increased cost and reduced risk in their product deliveries.

Issues/Gaps/Misconceptions

1.

Issue: COTS component suppliers are continually assessing their proportionately higher costs
to produce SnPb-based products for the relatively small high-reliability, high-performance
electronics market. As a result, further cost increases are expected from the shrinking
number of component manufacturing companies that remain willing to continue to

produce both Pb-free and SnPb-based products.

Issue: The need to verify the material content in COTS electronics is further aggravated

by the failure of COTS suppliers to change the component part number when they make

a material change. This has resulted in a new cottage industry of companies that specialize
in inspection screening and reprocessing of COTS components for A&D assembly and
integration companies. The reprocessing services can encompass turn-key component
procurement, inspection, component hot solder dipping, BGA reballing, and kitting for the
electronics assembly company. The cost of these services can become excessive relative
to the Current Baseline Practice cost of a component, when the number of components

to be reprocessed is small, and driven by the set-up costs and actual reprocessing time.

Misconception: There is a misconception that COTS components are truly “off-the-shelf.”
The shrinking “off-the-shelf” availability of SnPb-based components is compelling electronics
assembly companies to engage in reprocessing Pb-free components, even when SnPb-based
components can be purchased. This unexpected cost scenario occurs when the component
supplier agrees to sell SnPb-based components, but with a delivery lead-time quoted in
excess of six to twelve months. This compels the use of reprocessed Pb-free components

to meet schedule demands. A further variation on this dilemma is when a COTS supplier

will sell the required SnPb-based components, but only in very large “minimum quantity
buys.” Faced with the cost of producing 5,000 SnPb-based parts in order to get 50 needed
parts, the reprocessing of more readily available Pb-free components is opted.

Issue: The reprocessing of Pb-free components has the added potential of negatively
impacting the reliability of the products, which can become a cost driver for the end user.

Issue: Rework and repair costs are expected to increase as a result of:

* Reduced product reliability from the use of Pb-free solders in harsh A&D operating
environments, exacerbated by the random growth of tin whiskers that result in a
product failure.
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The known and unknown incompatibilities of SnPb solders and a plethora of Pb-free
component and surface finishes.

More demanding rework and repair processes to rigorously minimize and control
the heat-effected zone from soldering at the higher temperatures required by
Pb-free solder alloys.

The unrecoverable damage to a CCA that can occur when attempting to remove
a conformal coating applied during production to mitigate against tin whiskers.

The cost of configuration management and control of mixed or Pb-free electronic products.

. Gap: From a business perspective, crisply segregating and capturing the multiple cost
impacts of Pb-free electronics is problematic at best, and becomes a cost driver itself
if one wants to accurately compile the actual increases in product design, development
and test, supply chain management, manufacturing, repair costs, and the imbedded
impact on overhead and General and Administration (G&A) costs. Accurately predicting
the total cost of the research and development required for the A&D community to
transition into Pb-free electronics is a complex challenge which will be addressed in
Phase Il of The Lead Free Electronics Manhattan Project.

Issue: From a systems engineering perspective, the requirements allocation process for
electronics must now include a design cost trade-off showing the impact of using Pb-free
electronics, even though that impact is not completely understood, and is currently not
well quantified.

Conclusions

The cost impact on the A&D industry from the commercial supplier shift to Pb-free electronics is
pervasive, touching virtually all aspects of business (Table 3.9). The impact on design, manufacturing,
test, and sustainment will continue to grow, perhaps stabilizing only after the A&D industry has also
succumbed to the complete transition to Pb-free electronics. The full effect on product sustainment
is yet to be determined, adding to the potential cost impact as the number of mixed and 100%
Pb-free electronic systems enter fielded service.
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Summary of Pb-Free Electronics Cost Increases

New Labor Costs New Material Costs

* Prep and Implement Lead Free * Reprocessing of Pb-Free Components
Control Plans to SnPb

* Engineering and Manufacturing R&D for * New Generation of More Costly
Pb-Free Electronics Transition Conformal Coatings

* Added Detail to Product Design and * New Capital Investments
Build Packages

Increased Labor Costs Increased Material Costs

* Supply Chain Management * SnPb-Based Components

* Receiving Inspection * Scrap from Reliability Failures

» Configuration Management

* Manufacturing and Rework
Repair (Sustainment)

Training

Table 3.9 A summary of cost increases. Aerospace and defense costs to cope with Pb-free electronics include
new and increased labor and material costs.

Accurately predicting and quantifying the total cost impact is perhaps more expensive than the
value of the information. In short, the use of A&D Cost Accounting Standards (CAS) will ultimately
link these new and increased costs to the bottom line, and will flow into pricing calculations.

The system engineer - and ultimately, the electronic designer - must include the cost impact
from Pb-free electronics in their system requirement allocations and design trade spaces.

Recommendations

Recognizing that the cost growth caused by Pb-free electronics is impacting the entire A&D industry
and customer community, the challenge of thoroughly understanding and accurately quantifying
those costs needs to be attacked as a community. The envisioned three-year Lead Free Electronics
Manhattan Project - Phase lll, will focus on the research and development costs. Ancillary studies
will need to be defined and funded to better understand and quantify the other cost impacts.
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3.2.12 Requirements Closure

Unfortunately at this time, Pb-free solders are not consistently “as good or better” than SnPb, are
less mature, have significantly different material properties, and have new failure modes that need
to be considered. Pb-free risk management will influence many of the detailed requirements used
in the design of electronic systems, in order to ensure reliable and safe A&D product performance.

3.3 HARDWARE DESIGN

The hardware design process begins once requirements for a program are agreed upon between
the customer and the supplier. Several design elements are impacted by Pb-free (Table 3.10).

Location Design Element

Circuit Card Assembly (CCA) Electronic Parts

Mechanical Parts

Connectors High

Electrical Schematic None - Low

Materials

Solder

Printed Circuit Board

Enclosures

Mechanical Housing

Non-CCA Electrical Assemblies

B A&D Low Risk 1 A&D Low/Moderate Risk [ A&D Moderate/High Risk M A&D High Risk

Table 3.10 Hardware design elements impacted by Pb-free.
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Elements of hardware design include electronic and mechanical parts, PCBs, interconnect
materials (solder), coatings and encapsulants, connectors, enclosures, cabling, and other
non-CCA hardware. This section will discuss how Pb-free influences these design elements
and will provide recommendations on how to mitigate the potential risk of Pb-free technology.

3.3.1 Preferred Parts List: Selecting Electronic and Mechanical Parts
Current Baseline Practice

The preferred parts list (PPL) provides hardware designers a directory of electronic and mechanical
parts that have been qualified in some manner. Typically, the PPL is complemented by a preferred
supplier list because there are often multiple suppliers for one electrical part (e.g. mil-spec parts).
The PPL is standardized at the corporate or business unit level, and as such, the part selection
process for the PPL is application and customer independent.

The current baseline practice within the A&D industry and similar markets is to increase

the information obtained for each part listed in the PPL. This additional information primarily
includes details on plating and soldering materials and is critical for manufacturing, reliability,
and sustainment. Sources for this “new” information include manufacturers’ datasheets,
manufacturers’ websites, and commercial part databases (Silicon Expert, Greensoft,

IHS, and Partminer).

Information gathering should be sufficient, as restricting or requiring materials is not typically
performed at the PPL, but is instead driven by customer or application requirements. However,
current baseline practice within the A&D industry and similar markets is to identify alternatives
to Pb-free parts (defined as parts with Pb-free tin plating or Pb-free solder attach). Particularly
challenging are the cases where suppliers have changed from SnPb to Pb-free, and have not
changed part number because they claim it is form-fit-function interchangeable. If the part finish
or ball material is found to be unacceptable for the particular A&D application, it can sometimes
be altered to refinish with SnPb (e.g., hot solder dipping, re-plating or BGA reballing) and
re-identified with an internal number.

Issues/Gaps/Misconceptions

1. Many of the limitations in the current baseline practice are driven by the inadequacies
of the current industry standards (Table 3.11).

Part suppliers have changed to Pb-free finishes without changing part numbers,
significantly complicating management of parts.

. GEIA-HB-0005-2 needs to be updated to include BGA reballing.
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Industry Standard | Topic ‘ Issues

J-STD-609 Labeling of * Incomplete information on solder
Electronic Parts and plating
* Does not identify surface finish
plating process
* Does not identify other environmentally-
friendly materials (e.g., halogen free)

J-STD-020 Moisture and  Focus is on plastic encapsulated
Temperature microcircuits

Sensitivity Levels * Other components (e.g., plastic
capacitors, etc.) have not adopted
similar standards

JESD201A Tin Whisker Acceptance » Based on tests not designed to

Requirements demonstrate extended life in severe
environments

* Testing frequency insufficient

Table 3.11 Some Pb-free related industry standards for parts.
Conclusions

The process of identifying, selecting, and documenting electronic and mechanical parts for insertion
into a PPL, must be radically modified in response to the introduction of Pb-free electronic parts into
the supply chain.

Recommendations
The following actions are recommended for electronic parts on the PPL:

1. Additional categories must be added to the PPL database to capture all issues identified
by the reliability, manufacturing, and sustainment teams (Table 3.12).

Parts without required information should be considered restricted for use without additional
qualification or conclusive material analysis.

. Always make direct inquiries to the part manufacturer or distributor on the availability
of alternatives to Pb-free tin plating.
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4. Internal surface finish information should be obtained for those parts with non-encapsulated

metal internal surfaces (e.g., crystals, oscillators, relays, hybrids, etc.).

5. Update GEIA-HB-0005-2 Section 9.

Tin-Lead Parts

Technology

Pb-Free Parts

Technology

Reason for Addition

Electrical Ratings

Electrical Ratings

Temperature Ratings

Temperature Ratings

Moisture Sensitivity Level

Moisture Sensitivity Level

Electrical Parameters

Electrical Parameters

Package Style

Package Style

Obsolescence

Obsolescence

Peak Package Body
Temperature*

Manufacturing and sustainment
process control

Minimum/Recommended
Peak Reflow Temperature

Manufacturing and sustainment
process control

Process Sensitivity Level®

Manufacturing and sustainment
process control

Solder Bump Material

Reliability and manufacturing
and sustainment process control

Solder Ball Material

Reliability and manufacturing
and sustainment process control

Lead Surface Finish
Alloy Composition®

Reliability and manufacturing and
sustainment process control;
Tin whisker risk assessment
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Tin-Lead Parts Pb-Free Parts Reason for Addition

Lead Surface Finish Reliability and manufacturing and
Thickness® sustainment process control;
Tin whisker risk assessment

Surface Finish Plating Tin whisker risk assessment
Process (Matte, Satin,
Bright)®

Lead Underplate Alloy Tin whisker risk assessment
Composition®

Lead Underplate Tin whisker risk assessment
Thickness®

Lead Base Metal Tin whisker risk assessment
Alloy Composition®

Whisker Mitigation Activity | Tin whisker risk assessment

Lead-to-Lead Gap® Tin whisker risk assessment

Product Class Level Tin whisker risk assessment
Qualification for Tin
Whisker Test Results
(Class 1A, Class 1,
Class 2, Class 3)*

RoHS Compliance Tin whisker risk assessment

REACH Compliance Compliance reporting

Table 3.12 Recommended Information for the PPL

* As defined by latest version of J-STD-020
2 As defined by latest version of J-STD-075
? As defined by latest version of JESD201
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3.3.2 Bill of Materials: Selecting Electronic and Mechanical Parts
Current Baseline Practice

Once the PPL is developed, hardware designers select parts for the CCA. The current baseline
practice for creating a bill of materials (BOM) within the A&D industry and similar markets, using
Pb-free electronic and mechanical parts, is to develop a part selection process flow in collaboration
with manufacturing, sustainability, and reliability. In combination with the technical guidance given
in GEIA-HB-0005-2 Section 9 (Table 3.12), the designer should consider:

1. Are any of the materials within the part restricted by customer or system requirements?

2. Are any of the materials within the part not compatible with the manufacturing process in
regards to peak package body temperature, minimum/recommended peak reflow temperature,
process sensitivity level, moisture sensitivity level, cleaning, and conformal coating?

* Can these incompatibilities be resolved?

Is the part sufficiently mitigated for tin whiskering as called out by an internal LFCP
defined by the latest version of GEIA-STD-0005-27?

* If not, what mitigation practices are acceptable?
Is the part capable of meeting reliability requirements (lifetime, MTBF)?
* If not, what mitigation practices are acceptable?

5. Are part finishes and ball metallurgy compatible with SnPb solder alloys?

If solder dipping or reballing is performed to resolve the issues listed above, these processes should
be qualified and an internal part number should be modified to track these altered parts.

Issues/Gaps/Misconceptions

1. lIssue: Designers in the A&D community will typically use heuristic rules, built up over many
years, to guide the initial part selection process. Examples can include maximum component
size or minimum lead pitch. These result in a more streamlined design process, but these
assumptions may be dramatically incorrect for Pb-free, resulting in additional design revisions
or increased risk of field failures.

Issue: Some designers will attempt to maintain SnPb design rules by eliminating all
Pb-free materials through solder dipping or BGA reballing. However, solder dipping and
BGA reballing requires additional processes to manage the risk of re-processing such as
GEIA-STD-0006 (hot solder dip) and reballing (industry standard underway). One caution
is that not all parts can be hot solder dipped (J-leaded parts for instance) or reballed
(fine pitch BGAs with no Nickel barrier metallization).
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3. lIssue: In PCB design, there is a risk that heritage SnPb solder geometries will need to
change, or solder stencil designs will need to change to adjust the solder volume and
geometry for Pb-free solder.

4. Gap: Tin whisker mitigation by conformal coating of CCAs needs to be quantified and
disseminated to the A&D community.

Conclusions

There is a significant risk for A&D programs that continue to rely on heuristic rules developed
for SnPb for selecting or qualifying a Pb-free part for placement within a BOM.

Recommendations

The following actions are recommended for adding an electronic or mechanical part to a program
or product-specific BOM:

1. Rules in the part selection process should be made significantly more conservative or replaced
with actual tests or modeling until sufficient experience with Pb-free parts is developed.

. The latest version of INEMI Recommendations on Pb-free Finishes for Components Used
in High-Reliability Products [14] should be part of the initial tin whisker risk assessment
for Pb-free tin surface finishes (Table 3.13).

. Afinal mitigation strategy at the program or product level should be in compliance with
the latest version of GEIA-STD-0005-2.

. The following parts should be banned, modified, or very carefully evaluated due to whisker
risks, unless a non-penetrable physical barrier is present (e.g., nylon housing). Note that this
tends to exclude all conformal coatings except hard polymers.

* Zinc-chromate conversion coatings to prevent corrosion.
* Zinc finish on connector bodies or board-mounted RF shields.
Pb-free tin-copper surface finish.
Pb-free bright tin surface finish.
Pb-free tin surface finish over brass or steel.
Pb-free tin surface finish subjected to continuous mechanical compressive stresses
with no physical barrier between contacts (e.g., zero insertion force [ZIF] connectors,
press in connectors).
Cd (Cadmium) coatings.

. On a case by case basis, review parts on products which may already have extensive
experience with some of these high risk finishes. An example of heritage tin use
on a mechanical part is the tin finish specified on military wire lug terminals under
compressive screw loading (e.g., MS20659 or MS25036).
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6. All parts with Pb-free solder alloys containing rare earth elements (Scandium, Yttrium,
Lanthanum, Cerium, Praseodymium, Neodymium, Promethium, Samarium, Europium,
Gadolinium, Terbium, Dysprosium, Holmium, Erbium, Thulium, Ytterbium, Lutetium)
should be banned or modified due to tin whisker risks.

Failure rates, lifetime predictions, and availability should be re-evaluated for Pb-free parts.

. New design rules for both PCB solder pad and solder stencils will need to be developed and
tested to optimize solder joint reliability.

Solderable Finish

NiPdAu

NiPd

NiAul

Hot Dipped SnAgCu

Matte Sn w/Nickel
Underplate

Reflowed Sn

Matte Sn w/Silver
Underplate

Hot Dipped SnAg
Hot Dipped Sn
SnAg (1.5-4% Ag)

Base Material

Cu (7025, 194, etc.)
(excluding Brass)

Low Expansion Alloy
(Alloy 42, Kovar)

Ceramic (e.g.,
Resistors, Capacitors)
No Lead-Frame

Category

Category

Category

Matte Sn -
150°C Anneal

SnBi (2-4% Bi)

Hot Dipped SnCu’
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Solderable Finish Base Material

Cu (7025, 194, etc.) | Low Expansion Alloy Ceramic (e.g.,
(excluding Brass) (Alloy 42, Kovar) Resistors, Capacitors)
No Lead-Frame

Category Category Category

2

SnCu

Bright Tin

Ag (over Ni)®
AgPd (over Ni)?
Ag®

M Preferred finishes
M Finishes with preferred tin whisker mitigation practices
Finishes with tin whisker mitigation practices that are less desirable than preferred practices
¥ Finishes without tin whisker mitigation that are often not acceptable to users
M Finishes to avoid

Table 3.13 iNEMI Tin Whisker Risk Table

Category 1: No tin whisker testing required; Category 2: Finish must pass tin whisker testing;
Category 3: Do not accept this finish in any case

* In general, tin whisker testing is required. However, users have accepted for approximately 10 years, and
many will continue to accept, small discrete resistor and capacitor device components with a matte Sn over
Ni finish. These devices are exceptions to the tin whisker test requirements but must meet all of the following
criteria to be acceptable:

* The Sn finish shall be matte tin as specified above (see Section Ill, item 12).

* The Ni under layer shall be at least 80 micro inches.

* The supplier shall have data to substantiate control of its processes to minimize whisker growth
(see JESD201).
The devices must not require any lead forming or other stress creating operations after final finish.
Tin plating thickness greater than 80 micro inches is the minimum that is acceptable.
New component types must be similar in size and construction to previously accepted components.
Plating of new component types must use the same plating lines, chemistries, etc. that have been
previously accepted.
New component types must pass whisker testing unless otherwise agreed to by both the user
and supplier.
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2 A number of users have restrictions on the use of SnBi finishes on alloy42 leadframes that are independent
of tin whisker concerns. See Section Ill, item 8 for more information.

? In general, although whiskers on Ag and AgPd finishes are not considered an issue, the user group
is very hesitant to accept these finishes due to a number of concerns including, but not necessarily
limited to, electromigration and solderability shelf life.

* A small number of users may accept these finishes for devices with lead spacing greater than 1mm.
5 Some exceptions exist where users may consider this option. See Section IlI, item 12 for more information.

¢ There is significant disagreement among users as to whether this finish is acceptable, regardless
of whisker test results.

" Factors such as part geometry and solder coverage that result in thin areas of the finish may play
a significant role in the tin whisker mitigation effectiveness of this finish.

3.3.3 Electrical Design (Schematics)

The electrical design involves the “virtual” aspect of the circuit card assembly, absent the actual
mechanical and materials components.

Current Baseline Practice

The current baseline practice within the A&D industry and similar markets is to make no changes
in the architecture, heuristic rules, or qualification practices of electrical design.

Issues/Gaps/Misconceptions
There are two potential issues regarding electrical design and Pb-free.

1. Issue: Electromigration performance of SnPb solder is different from Pb-free solder. This
may require a change in current being applied, if the material geometry is constrained.
Note that the driver for electromigration mechanism is current density (current/area).

Issue: Changes in the output of failure mode and effects analysis (FMEA), failure mode,
effects, and criticality analysis (FMECA). The assignment of occurrence numbers may
change if the functional block or component is Pb-free.

Conclusions

The introduction of Pb-free will have minimal influence on electrical design; however there are some
added items that need to be considered relative to Pb-free failure modes.
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Recommendations

1. If the design is at risk of electromigration, and very few are at this time, a review of existing
test results and industry-accepted models is warranted to determine if the introduction
of Pb-free solder increases the risk of a reduced lifetime.

Review occurrence numbers assigned for FMEA and FMECA and adjust if necessary
for Pb-free functional blocks and components.

. Consider the influence of intermittent shorts or opens on the systems operation.

Evaluate the tin whisker risk on high frequency circuits, since whiskers act as antennas
and become an issue at 6 GHz (RF) and above [15].

. Consider the effect of the tin whisker metal vapor arcing failure mode in the schematic
design and parts selection, particularly in power circuits.

. Consider the effect of whisker voltage and current conduction characteristics in the
assessment of tin whisker shorting risk.

3.3.4 Circuit Card Assembly Design and Specification
Current Baseline Practice

Once parts are selected and the circuit schematic is developed, mechanical designers then
proceed to design and specify the CCA. The CCA includes the BOM, PCB and attachment material
(typically solder), and assembly level tin whisker mitigations such as minimum spacing, conformal
coating, and barriers.

Technical considerations for Pb-free risk management in circuit card assembly design are given

in GEIA-HB-0005-2, Section 11 (Table 3.3). The current baseline practice within the A&D industry
and similar markets, is to minimize changes to the physical design of the CCA when incorporating
Pb-free parts, or transitioning to a Pb-free assembly. (Note that this can include feature geometries,
feature spacing, part location, part orientation, number of layers, printed and circuit board size
and thickness.) Pb-free risk mitigation has primarily focused on material solutions and additional
qualification requirements. Material solutions have included the introduction and changes to
coatings and encapsulants for whisker mitigation, and epoxy bonding/staking and underfill
material for solder stress reduction. Acceptance criteria for these materials have either been
added or modified, as a consideration of the specific challenges affiliated with Pb-free technology
(e.g., specific thickness and coverage requirements for conformal coatings).
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CCA acceptance conforms to the latest versions of IPC-A-610 and J-STD-001, per the appropriate
class level (note the majority of A&D CCAs are Class 3 or greater), with current baseline practice
defining additional requirements when appropriate. The design analysis and verification test
activities discussed in sections 3.4 and 3.5 are an integral part of the CCA design process, and
several iterations through the design-analysis-test cycle can occur. The amount and magnitude
of the test activities will depend upon the complexity of the design, and the amount of prior
experience in testing similar designs.

Issues/Gaps/Misconceptions

1. Gap: The selection of coatings, encapsulants, staking compounds, and underfill can no
longer be based on heritage rules developed for SnPb electronics.

. Gap: The current versions of IPC-A-610 and J-STD-001 may not provide sufficient and
necessary acceptability criteria, given the variation in Pb-free solder alloys (and possible
combinations), the limited change in criteria from SnPb, and the inadequate set of relevant
images for Pb-free solder joints. Some companies have developed internal standards as a
stop gap until they believe the current versions of IPC-A-610 and J-STD-001 are adequate.

Issue: Unless specific alloys are identified, assembly soldering in accordance with
J-STD-001 allows Pb-free solder alloys to be used if they meet the “objective evidence
of reliability” requirement. This could result in sustainment challenges through the
introduction of Pb-free alloys or other alloys which are incompatible with the repair
solder alloy (e.g., SnPb, SAC, SnCuNi).

. Utilizing heritage SnPb design rules for assembly stiffness and parts placement may
not result in satisfactory vibration and shock performance of Pb-free soldered assemblies,
particularly if the modules are large.

. The effect of second and third reflows (e.g., solder melting events) on the reliability
of Pb-free solder is not well understood in harsh environments.

Conclusions

While there are currently minimal changes to the current set of architectural design rules,
designers should be aware of the material solutions and changes in acceptance criteria
that have been validated and implemented within the A&D industry and similar products.

Recommendations
Specific design changes that CCA designers should consider include:
1. The recommendations in Sections 3.4 and 3.11.

2. Increases in the pin-to-hole ratio to improve hole fill.
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. Use of teardrop pads along the outer two rows of BGA components.
Reduction in maximum size for a BGA component.

Reduction in maximum case size for wave soldering of chip components.
Elimination of plated through holes as test points.

Review of the current version of IPC-A-610 and determine if it is sufficient for the
program or product quality requirements. Develop an internal document to add
or modify additional requirements.

. Tin whisker mitigation: Selection of coatings and encapsulants for a CCA containing
Pb-free technology should be driven by results of tin whisker risk assessment.

Evaluate the functional circuit element parts placement with respect to tin whisker
risk and fault tree/FMEA/FMECA analysis.

Consider including provisions for assembly stiffening, underfilling, or part bonding
to compensate for the reduced vibration/shock performance of the current Pb-free
solder alloys. Selection of these should be driven by the results of mechanical and
reliability analysis.

For sustainment, CCAs should be qualified to the type and number of repairs called out
in the configuration management document. Qualification should include a minimum
copper feature thickness (0.5 mil thickness is recommended).

Consider inclusion of prognostics monitoring devices on the CCA or the LRU as a means
to record the service temperature, vibration and shock environments.

Develop improvements in prognostics monitoring devices to better record vibration and
shock time history as well as data collection when the CCA/LRU power is off.

See printed circuit board assembly section regarding the incorporation of an assembly level
“manufacturing assembly process control coupon” for destructive physical analysis of solder
joints on challenging parts, solderability evaluation prior to building conformal coat coverage,
cleaning effectiveness, etc.

In some applications, Pb-free BGAs might need to be reballed with SnPb solder.
In others, consider whether Pb-free components can be soldered with SnPb solder
(e.g., a “mixed metallurgy” connection).

Evaluate the effect of multiple reflows on thermal cycling, vibration and shock
loading combinations.
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3.3.5 Solder Selection
Solder is a key mechanical element within the circuit card assembly.
Current Baseline Practice

The current baseline practice within the A&D industry and similar markets is to call out the solder
alloy for the assembly process in the build package, and to limit the solder choices to either standard
SnPb configurations (60Sn/40Pb, 63Sn/37Ph, 62Sn/36Pb/2Ag) or alternative alloys that have an
extensive history, or are well-qualified for a particular application (e.g., 90Pb10Sn for high temperature
applications). The solder is specified to be compliant with the latest version of J-STD-006. Note that
Pb-free 96.5Sn3.5Ag has also been used for many years on pin-through-hole designs.

Issues/Gaps/Misconceptions

1. Issue: Variation in manufacturing performance has resulted in different solder alloys being
used in different assembly processes (reflow, wave, solder fountain, rework), but solder
material is not always called out per manufacturing process, particularly for repair.

Issue: When multiple solders are used in assembly, certain combinations of solders are
incompatible or have a narrow process window.

. Gap: There are also comprehensive gaps and misconceptions regarding the relative
performance of Pb-free solder compared to the more traditional SnPb solder. While there
is an increasing belief that SnPb solder demonstrates superior performance in elevated
stress conditions, and Pb-free solder demonstrates superior performance in more benign
conditions, this can vary widely based on the following factors:

Pb-free alloy (SAC405, SACO307, SAC305, SAC105, SnNiCuGe, SnAgCuBiI,
SnAgCuSh, etc.)

Component package (ball grid array, leaded, leadless)

Environmental stress (vibration, mechanical shock, temperature cycling)

Issue: Non-eutectic Pb-free alloys are not preferred because the pasty range can make
manufacturing processing difficult.

Issue: Compatibility with SnPb repair is not defined. For instance, in the case of inadvertent
mixing of Pb-free and SnPb, do these assemblies need to meet the full design life or would
some level of partial life be acceptable?

Conclusions

Solder material is one of the fundamental changes in the transition to Pb-free, and must be
managed proactively with the use of testing and analysis until Pb-free experience driven rules
can be developed.
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Recommendations

1. Due to a combination of insufficient experience in the industry, inadequate information
on reliability under certain environments, and instability in the preferred Pb-free alloy for
the electronics industry, this document will not recommend a specific Pb-free alloy. Instead,
the reader is encouraged to review Table 3.14 and 3.15 for guidance on manufacturing,
reliability, and sustainment issues.

. Table 3.15 grades SnPb and Pb-free solders based on risk and experience (risk/experience)
over a 1 to 5 scale, with 1 being higher risk and 5 being lower risk; Table 3.14 contains
the exact definitions. As an example, tin/3% silver/0.5% copper (SAC305) is a relatively
low risk for reflow assembly and benign temperature cycling, but is a higher risk for rework
and mechanical shock.

. Cells in Table 3.15 and Table 3.16 that contain no data introduce the highest degree of risk
and require extensive testing and analysis before being sufficiently qualified. Users should
be aware that experience influences risk. Therefore, there are few situations where the
combination of high risk (1) and extensive industry experience (5), and low risk (5) and
minimal experience, will exist (1).

In addition to using Table 3.15 and Table 3.16, it is recommended that designers be aware
of the initial trends and heuristic rules developed by the industry on Pb-free solder adoption.
These include:

SAC305 solder as currently the most common Pb-free alloy for reflow.
SnCuNi solders as currently the most common Pb-free alloy for wave and rework.

High silver SAC alloys (e.g., SAC405, SAC387, and SAC305) as being problematic
for environments with drop or mechanical shock events.

SnAg solder as being used for many years in certain high temperature applications
(under-the-hood, oil drilling), but has not been widely adopted as a Pb-free solder.
However, the lack of Cu in the SnAg alloy results in increased Cu dissolution.

Pb-free solders without nickel subjected to continuous high temperature, greater
than 100°C, could be susceptible to failure due to dissolution of copper bond pads
and traces.

Pb-free solders without antimony subjected to continuous exposure (greater than

six months) to temperatures lower than -10°C, could be at risk of tin pest (Reliability
Section 7.0 and GEIA-HB-0005-2 Section 5.2). Note that antimony has some

toxicity concerns.
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* Some studies have shown poorer performance of Pb-free solders in vibration compared
to SnPb, but results are not consistent and more testing and analysis is necessary
(Note: it is believed that much of the variation is due to inadequate control/reporting
of solder stress levels, sample age, part type, cooling rate, etc.).

* Pb-free solders alloyed with indium or zinc can be susceptible to rapid corrosion
in humid environments.

. Specifying compliance to J-STD-006 should be reviewed, as certain Pb-free solders may
require agreement on additional specifications.

. Specify the alloys that can be used when J-STD-001 is called out on the circuit card
assembly data package.

Manufacturing Use Environment

Solder Alloys Reflow Temp Cycling Range Vibration | Mechanical | Combined

Eutectic SnPb 5/5 5/5 5/5 5/5

SAC405 4/2 2/1 1/1 No Data

SAC387 4/2 2/1 1/1 No Data

SAC305 4/2 2/1 2/1 No Data

SAC0307 1/1 No Data 3/1 No Data

SAC Bi 6/1 No Data No Data No Data

SAC Sb 2/1 No Data No Data No Data

SnCu No Data No Data No Data No Data No Data

SnCuNiGe 5/5 4/2 2/1 3/1 No Data

SnCuNiBi 3/1 4/3 4/3 No Data No Data No Data No Data No Data

SnBi 4/2 3/1 No Data No Data No Data No Data No Data No Data

SnAg 2/3 2/1 1/2 5/3 5/3 5/3 5/3 5/2

Table 3.14 Common Pb-free Solder Manufacturing, Reliability Risk and Industry Experience Matrix

Risk/Experience
Risk: Does using this alloy in this situation increase the risk of defects or failure compared to SnPb?
(5 indicates low risk, 1 indicates high risk)
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Experience: Does the industry have experience with this alloy in this situation?
(5 indicates extensive experience, 1 indicates minimal experience)

“ Rework is defined as any soldering process with extended contact time (hand soldering, solder
fountain, etc.).

* Low range temperature cycling has a maximum temperature less than 100 °C and changes in temperature
less than 60 °C.

2 High range temperature cycling has a maximum temperature greater or equal to 100 °C and changes
in temperature greater than 60 °C.

Note: To ensure a manageable table, only the most common Pb-free assembly solders were included.
Component solders, such as SAC105 and SAC125Ni, were not included.

SAC405
SAC387
SAC305
SAC0307

SAC Sb
SnCu
SnCuNiGe
SnCuNiBi

W Good Compatibility Possible Issues W Not Compatible No Data

Table 3.15 Cross-Compatibility of SnPb and Common Pb-free Solders for Assembly and Sustainment

3.3.6 Printed Circuit Board

Current Baseline Practice

The current baseline practice within the A&D industry and similar markets is to qualify PCBs using
a test board with appropriate features. Once the PCB design and materials are qualified, the build
package calls out specific laminate, solder mask, and solderability finish. Once manufacturing is
initiated, lot qualification and acceptance is performed per the latest versions of IPC-A-600 and
IPC-6012 with the appropriate level of preconditioning (SnPb or Pb-free). PCB design considerations
are discussed in GEIA-HB-0005-2 Section 10 (Table 3.3).
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Issues/Gaps/Misconceptions

1.

The potential for undetected cracking and delamination in the PCB is one of the greatest
risks in a transition to a Pb-free CCA. Reliance on IPC slash sheets, especially those below
100°C, may be insufficient to prevent latent damage.

. Current PCB laminates in high complexity PCB configurations have inconsistent performance

and is part of an active project by High Density Packaging User Group (HDPUG). Little work
has been done by consumer electronics on higher cost laminate performance subjected
to Pb-free process.

. Gap: There are no Pb-free finishes that meet the same corrosion resistance, solderability,

tin whisker resistance and dissolution resistance capabilities of a SnPb solder finish.

. Gap: PCB thermal cycling coupon testing should be improved to capture the lot-to-lot variation.

. Gap: CAF resistance coupon testing should be improved to capture the lot-to-lot variation.

Issue: Laminate materials suitable for Pb-free (high temperature) processing vary widely

in sensitivity to moisture absorption, and their propensity for delamination or other damage
during soldering. Supplier data may be incomplete or questionable. Rates of moisture
uptake and moisture release during bake operations can be influenced substantially

by the PCB design, including board thickness and distribution ratio of dielectric to copper
in any of the power, ground, or signal layers.

Issue: Laminate properties have been known to vary from published data. Variation may
be between manufacturing sites (especially offshore), or even from lot to lot. Users may
consider auditing to IPC-1730 and IPC-1731.

Material supplier claims that a PCB material is Pb-free compatible are insufficient and the
material must be evaluated in the application to determine suitability.

. There are no standard rules for converting existing SnPb designs to Pb-free solder.

Issue: Unlike SnPb finishes, pre-baking Pb-free finishes prior to soldering to reduce PCB
moisture content, can be detrimental to the solderability of most of the current Pb-free
finishes, unless performed in an inert environment.

Conclusions

Latent damage to PCBs is one of the greatest risks in the transition to Pb-free CCAs. Mitigation
of these risks can be accomplished through appropriate material selection, awareness of industry-
developed heuristic rules, and rigorous product and lot qualification procedures.
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Recommendations

Appropriate risk mitigation procedures for PCB and Pb-free can be divided between solderability
plating, material selection, acceptance criteria, and handling:

1. Solderability Plating
* Electroless nickel/immersion gold (ENIG) is not recommended for use with Pb-free
solder due to the elevated risk of solder fracture during post-reflow handling. If used,
appropriate risk evaluation should be performed.

All PCB features with immersion tin plating should be coated with solder during
assembly to prevent tin whiskers.

All PCB features with immersion silver plating should be non-solder mask defined
(NSMD) to mitigate the risk of creep corrosion.

Develop a Pb-free PCB finish that exhibits comparable corrosion resistance to SnPb,
does not whisker or tarnish, and retains long term solderability.

Laminate Material
* Table 3.16 should be used as a reference guide for the selection of appropriate laminate
material for Pb-free assembly.

Laminator and PCB supplier chains regarding Pb-free process capability for complex
PCBs are highly suspect and require independent verification.

Thick boards (>93 mil) with elevated peak reflow temperatures (>250°C) should be
built with laminate with <3% z-axis expansion between 50-260°C and <0.15 weight
percent moisture absorption.

Time to delamination (IPC-TM-650, 2.4.24.1) should be specified as T-280
of 5-10 minutes or T-288 of 3-6 minutes.

Temperature of decomposition (IPC-TM-650, 2.3.40) should be specified
at a minimum of 320°C.

In addition to watching the PCB supplier, it is recommended that the laminator
be audited and monitored by the PCB supplier using IPC-1730 and 1731, with
follow up audits by the OEM customer to assure this is effective.

. Acceptance Criteria
Use simulated reflow instead of solder shock for lot qualification. A new IPC-TM-650
Test Method 2.6.27 was just issued to describe the reflow test for both SnPb and Pb-free
applications covering Thermal Stress, and Convection Reflow Assembly Simulation.
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The IPC is currently embedding this test method into its requirements as an option that
can be called out on the PCB drawing when necessary. The IPC is just starting to write
a guideline document to provide more information on the use of this test method.

Handling

All PCBs should be packed in moisture proof bags. (Note: IPC-1601 is in development,
which will cover PCB storage and handling.)

. Supplemental Coupons (each board lot)

The following supplemental coupons should be considered to enhance control
of the Pb-free PCB reliability and subsequent circuit card assembly quality:

* Thermal cycling coupon to evaluate plated through hole (PTH) and interconnect reliability
e CAF test coupon

* Manufacturing assembly process control coupon (challenging parts, soldering quality,

conformal coat, cleaning effectiveness, rework, Cu dissolution, etc.)

Board Thickness

<60mil

Peak Reflow Temperature (Forced Air Convection)

240°C to Low 250°C

Tg140 Dicy
All HF materials

Mid 250°C to 260°C

Tg150 Dicy
HF - middle and high Tg

60-73mil

Tg150 Dicy
All HF materials

Tg170 Dicy
HF - middle and high Tg

73-93mil

Tg170 Dicy
HF - middle and high Tg

Tg150 Phenolic + Filler
HF - middle and high Tg

93-120mil

Tg150 Phenolic + Filler
HF - middle and high Tg

Tg170 Phenolic
HF - middle and high Tg

121-160mil

Tg170 Phenolic
HF - high Tg

Tg170 Phenolic + Filler
HF - high Tg

2161mil

Tg170 Phenolic + Filler
HF - TBD

TBD

Table 3.16 PCB Material Selection Guide for Pb-Free Assembly

1. Copper thickness = 2 oz should use material listed in column mid 250°C to 260°C

2. Copper thickness > 3 oz should use Phenolic base material or high Tg halogen free materials only

3. Twice lamination product should use Phenolic material or high Tg halogen free materials only (includes
high density interconnects [HDI])
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7.

Develop a task list for the conversion of an existing A&D SnPb assembly to Pb-free. This
activity will require a risk assessment of the existing design. For instance, an older design
could simply change parts to Pb-free solder equivalents, change to a Pb-free solder laminate
and PCB finish, and assemble with Pb-free solder to determine if the older design is sufficiently
robust. More modern designs might need additional work for tin-whisker mitigation and solder
joint geometry to make them compatible. Of course any changes would need to be validated
with life testing. If older designs could changg, then there might be a cost benefit since Pb-free
parts could be used and A&D manufacturers would not have to completely redesign products
that already perform well.

3.3.7 Chassis/Enclosure/COTS Mechanical Parts/Custom Mechanical Parts

Mechanical housings are designed to hold and protect circuit card assemblies from
external environments, such as handling, impact, vibration, electromagnetic radiation,
and corrosive elements.

Current Baseline Practice

The current baseline practice within the A&D industry and similar markets, in regard to chassis
and enclosures, is to identify the surface plating or treatments for corrosion protection and ensure
that it is effectively risk mitigated for tin and zinc whiskers. Mitigations include:

Using tin plating with greater than or equal to 3wt% lead.

Not using zinc plating.

Only using tin plating with less than 3wt% lead in areas that will be coated
with solder during assembly.

Following the guidelines in GEIA-STD-0005-2.

Issues/Gaps/Misconceptions

1.

Issue: The primary misconception regarding COTS chassis, enclosures, and parts is being
aware that manufacturers could change surface finish materials without communication
to the end customer.

Issue: Heritage finishes called out on custom mechanical parts are becoming more difficult
to obtain (increased cost and lead-time).

Issue: Tin plated mechanical parts can have very large surface areas and be a source
for very large numbers of whiskers.

Issue: There are many Mil-spec parts that have used pure tin, and have been used for
decades, such as heritage tin used on military wire lug terminals, under compressive
screw loading (e.g., MS20659 or MS25036).
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Conclusions

A significant percentage of tin whisker field failures can be traced back to surface finishes on the
various elements of mechanical housings or mechanical parts. Following current baseline practice
is necessary and should be sufficient to prevent future failures.

Recommendations

1. ltis recommended that designers conform to current baseline practice in regard
to Pb-free chassis, enclosures, and other mechanical items.

. When designing, strive to minimize tin area in the design of mechanical items
where possible.

. Chassis designs may need to be modified to reduce vibration and shock loads
transmitted to the CCA solder joints.

3.3.8 Other Electrical Assemblies

This section covers electrical assemblies that are not circuit card assemblies, such as cable
assemblies, relays, filter assemblies, radar, power assemblies, and bus bars. While these assemblies
do not contain PCBs, they do contain surface finishes and solders that may change during the
transition to Pb-free.

Current Baseline Practice

The current baseline practice within the A&D industry and similar markets is to treat non-CCA
electrical assemblies in a similar manner to CCAs where relevant. This includes identifying and
mitigating surface finishes per GEIA-STD-0005-2, and proactively managing Pb-free solder alloys
with the use of testing and analysis, until rules can be developed.

Issues/Gaps/Misconceptions

1. Misconception: The primary misconception regarding non-CCA electrical assemblies
is being aware that manufacturers could change surface finish materials and solder
without communication to the end customer.

Misconception: Assemblies with higher voltage and power (power input and output circuits)
with finishes can be susceptible to metal vapor arcing even at sea level [16], but the design
parameters are not well understood.
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Conclusions
Following current baseline practice is necessary and should be sufficient to prevent future failures.
Recommendations

1. Recommendations outlined in sections 3.3.1 and 3.3.2 for surface finishes and 3.3.5
for solder material should be followed.

Increased research in metal vapor arcing is needed to establish design rules for material,
voltage, coating and spacing.

34 DESIGN VERIFICATION/VALIDATION

3.4.1 Design for Manufacturing
Current Baseline Practice

Design for Manufacturing (DFM) currently is an established best practice to ensure that a product
can be manufactured as well as reworked/repaired. Pb-free soldered assemblies can have greater
variability especially if occurring in a high mix/low volume manufacturing setting. Typically rework
considerations factored into this review will facilitate subsequent repair activities during sustainment.

Issues/Gaps/Misconceptions

1. Gap: Rules of thumb for manufacturability and rework/repair must be re-examined
for Pb-free solder to ensure that manufacturing process variation is minimized.

. Gap: Robustness of PCB finishes, solderability, surface conductors, PTH reliability, and
laminate integrity, are often not evaluated in the context of manufacturing rework, where
five to ten year old assemblies are being repaired as part of the sustainment process.

. Gap: The rework assessment performed during manufacturing may not consider the
ramifications of how to sustain an assembly being repaired five to ten years down the line.

Conclusions

DFM is an established process. For Pb-free assemblies, DFM (and repair) has become more
important because of the decrease in manufacturing process windows and increased variability
of Pb-free processes.
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Recommendations

Continue using DFM practices to ensure that reliability and repairability objectives continue
to be met. Specific recommendations for Pb-free solder include:

1. Include active involvement in product development teams by representatives of parts
engineering, CCA (module) engineering, and supply chain to work specific concerns with
respect to SnPb availability, Pb-free assembly as needed, Pb-free repair (including mixed
technology), and Pb-free rework.

Leverage the use of GEIA-HB-0005-3 in the DFM process.

Evaluate robustness of PCB finish solderability, robustness of surface conductors,
PTH reliability and laminate integrity.

3.4.2 Fault Tree, FMEA and FMECA Analysis
Current Baseline Practice

Currently Fault Tree, FMEA, and FMECA Analysis generally follows the preliminary schematic and
parts list, and is typically verified through the design review processes (e.g., critical design review).
These reviews are iterative and occur both internally within the design community and externally
with the customer. Design practices and reviews often use checklists as part of the review process
that have been derived over many years to capture lessons learned and best practices.

Issues/Gaps/Misconceptions

1. Gap: A significant gap exists in the A&D industry design practices and review checklists.
Many are in various states of maturity and implementation regarding Pb-free, while
concurrently, complete Pb-free designs are being done today.

. Gap: COTS defined designs before 2006 may have changed from SnPb to Pb-free solder
without notice and may impact fault analysis.

Conclusions

The fault tree and FMEA/FMECA review process is well established for many programs and

the fundamental method of analysis is unchanged for Pb-free. There are expected to be greater
incidence of short circuit, open circuit, and intermittent connections especially during the early
introduction of Pb-free interconnect technologies.
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Recommendations
The following items are recommended:

1. Update design review checklist items to include Pb-free considerations pertaining to
Fault tree, FMEA and FMECA Analysis.

Re-evaluate Pb-free COTS risks in the fault tree with particular attention on Pb-free COTS
power supplies.

3.4.3 Electrical Analysis
Current Baseline Practice

Currently, electrical design rules and analysis verification have not been uniformly assessed
with regard to Pb-free solder and finish considerations.

Issues/Gaps/Misconceptions
The following areas are considered gaps:

1. lIssue: The electrical design community has not been made aware of specific design
constraints/considerations needed for Pb-free solder use in A&D applications.

Issue: Tin whiskers can impact circuit performance of high frequency RF circuits [15].

. Gap: There are no current density rules established to avoid electromigration in Pb-free
solder assembly.

. Gap: The design rules for metal vapor arcing initiated from whisker shorts do not exist.

. Gap: Although increasing data on whisker shorting voltages and currents is becoming
available, it is unclear how these would impact circuit schematic design.

. Gap: At the present time, electrical design does not provide guidance regarding physical
separation between critical devices (e.g., components from different critical functional
elements) to eliminate whisker risk. Physical separation between critical devices is an
important analysis that requires considerable effort at the present time.

Conclusions

There remain several technical unknowns with regard to Pb-free that may affect electrical design
practices in A&D applications.
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Recommendations
The following items are recommended:

1. Establish a research test and analysis plan to identify and characterize specific design
constraints/considerations needed for Pb-free solder use in A&D applications such as:

* Tin whiskers impact on high frequency RF circuits.
* Current density rules established to avoid electromigration in Pb-free solder assembly.
* Designing for metal vapor arcing initiated from whisker shorts.

Develop a method to automate critical physical part separation distance analysis.

3.4.4 Solder Fatigue and Interconnect Reliability Analysis

This section covers component types such as BGAs, micro-BGAs, Area Arrays, Leaded, Leadless,
Chip Parts, and Pin-Through-Hole. Design rules of thumb for A&D Pb-free products have not yet
been developed but would greatly benefit designers looking for guidance in this area. This section
is comprised of some overall comments followed by a detailed discussion of vibration, shock and
thermomechanical fatigue, and combined thermal and mechanical dynamic loading environments.

Current Baseline Practice

Perform fatigue stress calculations separately for each environment, (thermal cycling, vibration,
shock) and determine through a linear summation of the fraction of damage, from the individual
environments, if the overall program requirements are met.

Issues/Gaps/Misconceptions
Several high-level issues and gaps have arisen.

1. The fatigue resulting from stresses due to the individual environments, thermal cycling,
vibration, and shock cannot be added in a linear manner using Miners law.

. The heritage SnPb design guidelines do not adequately capture the pad cratering
and intermetallic failure modes encountered in Pb-free assemblies (Figure 3.10).

. Using SnPb solder stress design levels for Pb-free designs will not necessarily result
in satisfactory life in high stress environments.
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Bulk Solder Failure Intermetallic Fracture

Pad Cratering J Copper/Resin Delamination

Figure 3.10 Pb-free solder interconnection failure under isothermal loading (cyclic or overstress) [2].
Conclusions

At a high level, the over-arching solder stress analytical conclusion is that global mechanical solder
fatigue analysis, used to determine solder stress levels, will not change significantly. However, the
local allowable solder stress calculations will change due to (1) greater changes in Pb-free solder
properties throughout its life, (2) different failure modes introduced by Pb-free solder, and (3) lower
reliability level of Pb-free soldered assemblies compared to the equivalent SnPb assembly in vibration
and shock.

Recommendations
1. The Pb-free design stress levels will need to be reduced for high stress applications.

2. Further evaluation is needed so that combinations of thermal cycling, vibration, and shock
stresses can be quantified for Pb-free solder.

. The path forward will require development of new rules of thumb for global stress levels
for use in the preliminary design phase to ensure subsequent detailed stresses are
computed. This will ensure a minimum of design changes when the detailed interconnect
stresses are analyzed.

The subsequent sections discuss each of the load types in more detail.
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Vibration Loading
Current Baseline Practice

Vibration can occur in many A&D conditions, especially in airborne and certain submarine
environments (Figure 3.11). Global analysis remains unchanged for the assembly. A vibration
reduction technigue may be needed to utilize Pb-free soldered assemblies in A&D applications.

Figure 3.11 Helicopter service conditions are very vibration intensive.
Issues/Gaps/Misconceptions

1. Gap: In contrast to thermal cycling, vibration tested Pb-free soldered assemblies are not
as reliable as SnPb assemblies for equivalent stress levels, particularly if the levels are
high (Figure 3.12).

. Gap: Vibration fatigue data for low stress conditions is lacking.

. Gap: The effect of solder aging on fatigue behavior is unknown.




3. Design

4. Gap: Generally there appears to be a complete break-down of Miner’s rule. Exposing an
assembly to low level vibration significantly improves subsequent vibration fatigue at high
levels (Figure 3.13). While this may sound good, the opposite has not been tested, but it
may be possible that very few cycles of high vibration could dramatically reduce long term
low level vibration performance. In addition, the effect of vibration on subsequent thermal
cycling is also not understood.

® SnPb
SnAgCu
A SnCuNi

y=-0.057x+ 1.9

y=-0.08x + 1.9

Nominal Stress Amplitude (MPa)

=-0.012x + 1.9

Ll
107

Cycles to Failure, N¢

Figure 3.12 Vibration fatigue of SnPb, SAC305 and SN100C (Sn0.7Cu0.05Ni+Ge). SnPb solder exhibited
greater vibration performance [17].
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Average Cycles to Failure (x1000)

No Pre-Conditioning Pre-Conditioning

Figure 3.13 Number of cycles to solder failure for BGAs in 20G vibration without preconditioning (left) and
after 220,000 cycles of 5G vibration (right) [2].

Conclusions

Vibration is an environment that differentiates A&D products from consumer electronics. The
vibration test which typically results in high cycle solder fatigue; but this is not always the case.
Under high vibration loading, intermetallic and pad cratering failure modes can be observed

in addition to solder fatigue.

Recommendations

1. Develop projects to define the vibration solder fatigue and interconnect reliability parameter
space. In particular, develop a relationship beyond Miner’s rule that can be used by designers
to combine different levels of vibration, shock and thermal cycling.

2. Leverage results of this research to either validate and/or update GEIA-HB-0005-4 [18].
Mechanical Shock Loading
Current Baseline Practice

Shock manifests itself in many forms in an A&D environment. Explosive shock (pyro-shock),
functional shock (e.g., carrier catapults), and drop (handling miscues) shock are a few examples,
shown in Figure 3.14. A considerable amount of recent work has been done in consumer
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electronics products in response to cell phone drop shock failures. As a result of these drop
test failures, there has been a resurgence in solder alloy changes in order to find an alloy with
greater shock resistance (Figure 3.15) [19].

A

Figure 3.14 Mechanical shock manifests itself in several ways; image A., top, is an example of explosive shock
while functional shock - as in aircraft carrier catapults - is shown in B., directly above.
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Sn1.1Ag0.45Cu0.1Ge
Sn1.1Ag0.47Cu0.06Ni
Sn1.07Ag0.47Cu0.085Mn
Sn1.1Ag0.64Cu0.13Mn
Sn1.13Ag0.6Cu0.16Mn
Sn1.1Ag0.45Cu0.25Mn
Sn1.07Ag0.58Cu0.037Ce
Sn1.09Ag0.47Cu0.12Ce
Sn1.05Ag0.56Cu0.3Bi
Sn1.16Ag0.5Cu0.08Y
Sn1.0Ag0.49Cu0.17Y
Sn1.05Ag0.73Cu0.067Ti
Sn1.0Ag0.46Cu0.3Bi0.1Mn
Sn1.05Ag0.46Cu0.6Bi0.067Mn
Sn1.19Ag0.49Cu0.4Bi0.06Y
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Figure 3.15 Drop tests of various Pb-free alloys compared with SnPb. (A) Drop test results after aging
at 150 °C for four weeks [19]. (B) Samples were in the as-reflowed condition.
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Issues/Gaps/Misconceptions

1.

7.

Issue: The next generation of improved shock solder alloys may be comprised of many as
four to five element mixtures where the additional alloy additions (as low a 0.05% by weight)
can have an appreciable effect on the performance.

. Gap: The thermal cycling data has not been done on many of these new alloys.

. Gap: The sensitivity of the weight percentages on the alloy additions reliability

has not been evaluated.

. Gap: No data exists for MIL-STD-810 pyro-shock loading of Pb-free assemblies.
. Gap: The role of assembly aging on shock performance is poorly understood.

. Gap: Design rules to prevent pad cratering have been empirically derived for select

alloy/PCB laminate combinations with the majority of combinations not having any
design guidelines.

Gap: These improved shock resistant alloys are not part of J-STD-006.

Conclusions

Shock stresses are a rapid loading event that typically results in a pad cratering or intermetallic
failure mode, rather than a solder failure. In addition, leverage the results of this research to either
validate and/or update GEIA-HB-0005-4 (due for release in 2009).

Recommendations

1.

Conduct research to determine the design stress rules for shock loading for intermetallic,
pad cratering and solder failure modes.

Leverage results of this research to either validate or upgrade GEIA-STD-0005-3

and GEIA-HB-0005-4.

Evaluate these new alloys in the other A&D environments (thermal cycling, vibration,
humidity, corrosion, etc.).
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Thermo-Mechanical Loading
Current Baseline Practice

Thermo-mechanical loading (e.g., thermal shock and thermal cycling) occurs in almost every service
condition for A&D equipment. The range of temperature extremes (mean temperature range), rate
of temperature change (ramp rate), the exposure time (dwell) and number of exposures (cycles) will
vary with the local environment. However, it is the combination of all of these parameters that will
determine the amount of fatigue experienced by the product.

Developed by several industrial and academic groups, thermal cycling has been the focus of the
majority of consumer electronics researchers and thermal cycling fatigue models. The University of
Maryland CALCE continues to perform research on Pb-free alloys leading to the update of its models
for circuit card assembly reliability. Likewise, Auburn University’s Center for Advanced Vehicular
Electronics (CAVE?®) is doing similar work with additional focus on aging effects. MIL-STD-217

is also being utilized. GEIA-STD-0005-3, while not a reliability or reliability test standard, does
provide guidance on key concerns when designing a test, albeit for reliability prediction purposes.

Issues/Gaps/Misconceptions

1. Gap: The properties of Pb-free solder change during thermal cycling, and should be
accounted for during modeling.

2. Gap: The role of dwell time and ramp-rate are poorly represented in current modeling.
Conclusions

For low interconnection (joint) stresses, solder fatigue is the dominant failure mode and the fatigue
performance of a Pb-free soldered assembly is greater than SnPb. As solder stress increases, SnPb
is more reliable than Pb-free. In addition, leverage results of this research to either validate and/or

update GEIA-HB-0005-4 (due for release in 2009).

Recommendations

1. Thermal cycling research needs to be performed on the new Pb-free solders being
developed to improve the shock performance.

Perform research to develop design parameters for mixtures of Pb-free alloys, or mixtures
of Pb-free and SnPb alloys.
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Combined Thermo-Mechanical and Dynamic Loading
Current Baseline Practice

The concept of combined environment has been a focused discussion for several years as

the service conditions of A&D equipment tend to experience a multitude of environmental
loads (e.g., thermal, vibration, shock, and others). Understanding the load types and sequences
experienced by fighter jets, rockets, and missiles, for example, would provide a more accurate
assessment of overall reliability (Figure 3.16).

Presently, Miner’s rule of cumulative linear fatigue life has been applied for the various alloys.
A notional view of cumulative damage has been presented in GEIA-STD-0005-3.

Figure 3.16 Fighter jets and rockets can experience multiple loadings, not necessarily in sequence.
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Issues/Gaps/Misconceptions

1. Gap: The drastic change in microstructure and other constitutive material properties of
Pb-free alloys, strongly suggest that linear cumulative damage theories like Miner’s Rule,
for multiple loadings, will not produce accurate assessments.

. As discussed in the previous vibration section, generally there appears to be a complete
break-down of Miner’s rule. The effect of vibration on subsequent thermal cycling is also
not understood.

Conclusions

While combined thermal cycling and mechanical loading is not well understood for SnPb solder,

the field heritage suggests that the present approach of testing thermal cycling, vibration and shock
independently, and using Miner’s rule to combine fatigue lives for various types of loading, appears
to be sufficient in many cases. With Pb-free solder there is no heritage experience to draw upon
and there are indications the Miner’s rule is not appropriate. Therefore, models need to be created
for combined environment fatigue modeling.

Recommendations

1. Conduct both fundamental and application specific research on solder and electronic
assemblies in order to develop a combined environment reliability model.

Develop design rules for combined environment (even if they are initially conservative).

Develop a qualification or reliability test to evaluate what could be considered a worst case
condition for the combined environmental loading. This will reduce the risk of escapes into
the field.

3.4.5 Product Development Testing
Current Baseline Practice

Product development testing is presently performed per program-specific or company-specific
procedures. Product development testing includes tests to assess various design requirements

on product proto-types or pre-determined sub-units (e.g., CCAs or sub-assemblies). Testing can also
be performed on parts, materials, or mechanical components when specific electrical/mechanical
properties are of interest. Often long term accelerated life testing (ALT) in conjunction with predictive
life models is performed on generic circuit card assemblies to develop failure data for a particular
solder, part set, and manufacturing method.
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Finally, testing may be performed on actual production line removable units (LRUs) to identify
weaknesses in the product design, as a feedback to the design optimization process. LRU testing
may also be used to assess performance beyond design limits, using highly accelerated life testing
(HALT) and highly accelerated stress testing (HAST). Although, it is often difficult if not impossible to
correlate the results of HAST and HALT to design life, they are often effective in identifying product
design weaknesses and can be used as feedback to optimize the design.

Issues/Gaps/Misconceptions

1. lIssue: With Pb-free, the test method is impacted by the type of Pb-free alloy, but this
information is typically not coordinated between the customer, systems engineering,
hardware design, manufacturing, and sustainment.

. Gap: There is insufficient data to establish acceleration factors between accelerated aging
tests (temperature cycling, mechanical shock, vibration, and combined environments) and
service life environments for Pb-free solder interconnections.

. Gap: There is the need for a high fidelity computational solder fatigue model, which
can predict fatigue of Pb-free interconnections, in order to establish acceleration factors
between accelerated aging test parameters and service life conditions. This capability
is required to establish qualification and acceptance test regimens.

. Gap: There is also a need for high fidelity PCB fatigue models that can predict laminate,
surface trace, inner trace and PTH failures.

. Gap: Solder and PCB material properties (mechanical and physical) are needed to provide
input parameters for first-level validation data to the computational models.

. Gap: Rigorous HAST and HALT testing methodologies are needed, which can confidently
determine the overall (HAST) design limits of Pb-free solder joints, for a particular service
lifetime (HALT), including the identification of relevant failure modes.

Misconception: It is a misconception to assume that it is possible to design product
with Pb-free interconnections based upon such generalizations as “Pb-free solder joints
are more/less reliable than Sn-Pb solder joints.”

. Gap: There is a need for rigorous HAST testing methods that can identify the suspect failure
modes of Pb-free solder interconnections.

Conclusions

1. Computational models are critically needed in order to develop test parameters that are
based upon service lifetime requirements, thus avoiding either under design or over design
of the Pb-free solder interconnections.
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2. The HAST and HALT test methods are important tools in determining the design limits
of Pb-free solder joints, particularly, with respect to identifying existing and new failure
modes. The inclusion of these test methods must be an integral step in the Pb-free solder
joint reliability assessment.

. The definition of qualification and acceptance testing parameters must be based upon
the expressed service life requirements. The computational model can provide the cost-
effective means to achieve this objective.

Recommendations

1. The solder alloy and its model parameters must be agreed upon between the customer,
systems engineers, hardware designers, manufacturers, and sustainment engineers
so that proper mechanical test methods can be developed.

Establish a correlation between accelerated aging test parameters and service life conditions.
Computational models are required to develop the acceleration factors needed to correlate
the accelerated aging test parameters, with the service life conditions expected for Pb-free
solder joints. Requirements: (a) Develop a suitable Pb-free computational model; (b) obtain
material physical and mechanical properties as input data for the model, as well as to support
the first-level validation of the model; and (c) perform limited Pb-free test vehicle (CCA)
accelerated aging tests for final validation of the model predictions.

Design validation test methodology: First, the HAST on the LRU or CCA is used to identify
weaknesses in the product design as a feedback to the design optimization process.
Particular attention should be paid to Pb-free interconnection (bulk solder and intermetallic),
PCB, and part failures. Extreme test levels are used for temperature cycling, including the
use of temperature shock, as well as mechanical shock and vibration parameters. Other
custom test regiments can be added, as well. Requirements: (a) Determine all “practical”
failure modes in the design, with particular attention paid to those of the Pb-free
interconnections, PCB, and parts. (b) Confirm that other failure modes do not obstruct

the testing of the Pb-free solder joint performance and/or failure mode assessment.

Design verification test methodology: Once the design changes have been made after HAST,
accelerated life test or highly accelerated life test is then used to determine the functional
limits of the Pb-free interconnections, with respect to the service lifetime. Other custom
tests can be added. Accelerated aging parameters are now correlated to the service life
conditions, assuring similar failure modes. Requirements: (a) Targeting specifically the
Pb-free interconnections, design limits must be determined based on service life conditions
to establish the accelerated aging parameters that are appropriate for qualification and
acceptance tests. (b) Confirm that the same failure modes of the Pb-free interconnection
degradation prevail under both accelerated aging and service life aging processes.
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5. Execute an awareness campaign to emphasize the need for Pb-free material and
constitutive property data, as part of an accurate product development test process.
Consider this as a possible update to GEIA-STD-0005-3.

It is recommended that the number of test articles be increased so that an improved
degree of statistical significance can be derived from failures that are encountered
due to high mix/low volume manufacturing.

Appropriate HAST test methods and parameters must be developed to effectively determine
the design limits of Pb-free solder joints, particularly, with respect to identifying relevant
failure modes, and to assure that unwanted failure modes do not obscure the solder joint
performance evaluation.

3.4.6 Design Review
Current Baseline Practice

Key to the success of the design review process is a series of checkpoints or design reviews

(e.g., gates) to monitor progress against requirements conformance, cost, and schedule. Major
checkpoints include System Functional Requirements, Preliminary Design Review, and Critical
Design Review (additional checkpoints include test, production, and other sustainment milestones).
A&D companies have their own product development process that usually incorporates

a disciplined checklist.

Issues/Gaps/Misconceptions

1. Misconception: Design reviews are not necessarily stopgaps for all issues. Preparation
is required to assure that all key concerns are addressed concurrently with the completed
design rules.

. Gap: Checklists and heritage knowledge by the review board members do not include
Pb-free design considerations.

Conclusions

Design reviews may lack appropriate oversight of Pb-free impact and risk mitigation
to product development.

Recommendations

1. Exploit a set of Pb-free design rules (Section 3.4.9) as part of the disciplined product
development process, and document compliance.
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Document part finishes, solder materials, fluxes, verification methods and data
used to confirm compatibility with assembly processes and life cycle requirements.

Document Pb-free part sensitivities to temperature and moisture, and confirm compatibility
with assembly/repair processes.

Document whisker risk mitigation methods applied for pure tin finishes and Pb-free tin alloys.

Document that the design and construction meets the life cycle application, environmental,
and operating profiles. Section 7.0, Reliability, identifies particular failure mechanisms
pertinent to Pb-free application that require consideration.

3.4.7 Quality Assurance ESS and Lot Acceptance Test
Current Baseline Practice

Acceptance testing has two options: (a) fractional lifetime testing of 100% of product (ESS, “screen”
on hardware to be fielded) or (b) full lifetime test on lot-samples (destructive testing). Acceptance
testing is performed during the manufacture of fielded hardware to assure that product design
specifications are being met. Requirements: Establish the qualification test parameters based upon
(a) the computational model, which correlates the accelerated aging test parameters to service life
conditions, and (b) the ALT/HALT testing, which bounds the accelerated aging test parameters so
that they only activate the service life failure modes.

Issues/Gaps/Misconceptions

1. Gap: Lacking models, it is unclear what the minimum ESS amount of testing (level
and duration) needs to be in order to assure that infant mortal failures are screened
and that subsequent service life is maximized.

2. Gap: Methods used to tailor ESS random vibration profiles require accurate models
to be effective.

Conclusions

An effective acceptance test is critical to assure that manufactured products, using Pb-free
solder interconnections, consistently meet quality requirements. Applicable test parameters can
be developed from validated high fidelity computational models, which correlate acceptance test
parameters with service life reliability requirements.
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Recommendations

1. Computational models must be developed which include supporting mechanical and
physical properties data, so as to define acceptance testing parameters that are based
upon service life requirements. This approach avoids potential reliability and cost penalties
that result from under testing or over testing, respectively, because of poorly-defined
test variables.

Utilize a diverse set of Pb-free electronic assemblies to develop vibration ESS level tailoring
to correlate minimum levels needed to find defects in materials and workmanship without
substantially reducing service life.

3. Consider adding a section on quality assurance testing in a revision to GEIA-STD-0005-3.

3.4.8 Product Qualification Test
Current Baseline Practice

Qualification testing (also known as design verification) is verification of the design in conforming
to all requirements. Qualification testing is planned at the requirements stage (see Section 3.2.9)
and is typically performed per program-specific or company-specific procedures. Qualification test
parameters accelerate the life of the Pb-free interconnections by one or multiple service lifetimes.
This is achieved by using the hardware design and manufacturing processes that replicate those
for fielded product, including any pre-treatments prior to production or after a design change
during production.

Once qualification testing is about to begin, three to five years has often transpired between the
development of the initial qualifications requirements defined in the contract. It is likely that several
improvements in test methodologies may have been found, and need to be considered since

the initial contract inception. In fact, the desired Pb-free solder could have changed from the

one envisioned in the first requirements draft. Whatever the reason, it is likely that during the
finalization of the qualification test method development, some changes will be needed.

Issues/Gaps/Misconceptions

1. Gap: There needs to be a way to make adjustments to the qualification requirements,
and potentially the contract, based on the most recent Pb-free reliability and failure
mode information.

. Gap: There is the need for a high fidelity computational model which can predict the fatigue
of Pb-free interconnections in order to establish acceleration factors required to correlate
accelerated test parameters to service life environments.
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3. Gap: Solder and PCB material properties (mechanical and physical) are needed to provide
input parameters and first-level validation data of such computational models.

Misconception: Qualification testing, scoped and budgeted during the contracting phase,
should be reassessed since it may no longer capture the new Pb-free assembly failure
mode information that has transpired over the three to five years of product development.
The qualification tests may not stress newly defined Pb-free failure modes, or may
significantly over-test the assembly.

Conclusions

Computational models are critically needed in order to develop qualification test parameters that
are based upon service lifetime requirements, not “lower bounds benchmarks,” thus avoiding either
under design or over design of the Pb-free solder interconnections.

Recommendations

1. Develop a high fidelity, computational modeling capability for predicting fatigue failures
of Pb-free solder joints that can readily accommodate varying conditions of temperature
cycling, temperature shock, vibration, and mechanical shock. The model must be
sufficiently versatile to address past, present, and future Pb-free interconnection
designs and materials sets.

Establish an extensive mechanical and physical properties test program to provide critical
input and first-level validation data for the computational models.

Develop provisions for adjusting the qualification test requirements, and possibly the
contract, to consider the most recent Pb-free test, modeling, and failure modes data.

. Structure contracts, schedules, and systems engineering management plans to
accommodate a review of the qualification test plan, so that the most current methods
can be considered.

3.4.9 Closure

Given the risks identified with Pb-free technology integration, three high level outputs
are considered technical imperatives for success in product deployment:

1. Generation of Pb-free design rules.

2. Robust design reviews with appropriate Pb-free checkpoints. Note that a similar discipline
is being used in A&D for tin whisker risk.

3. Development of failure models and appropriate test parameters are a technical imperative.
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3.5 TIN WHISKER RISK ASSESSMENT

Current Baseline Practice

The phenomenon and risk mitigations are described in Section 7.0, Reliability, GEIA-STD-0005-2
and GEIA-HB-0005-2. The commercial industry has adopted JESD 201 as its standard for tin whisker
acceptance testing. This standard has resulted in major issues for the A&D industry, as it is not
recommended for use on high reliability, class 3 products and omits reporting of corrosion induced
whiskering. As shown in Figure 3.17, fine pitch microcircuit leads are comprised of many features,
such as probe marks and dam bar shear areas, not readily apparent on the procurement drawing.
Spray conformal coatings, such as acrylic or polyurethane, can have difficulty covering behind fine
pitch leads completely and can fracture due to the tin whisker growth. Some organic coatings can
“tent in” a whisker as long as the coating is thick enough. A recently developed ceramic coating
applied by vapor deposition, has shown potential in inhibiting growth on a whisker under conditions
of high humidity, but the results have not been verified for long term.

Copper at dam
bar shear area

Probe and
tooling marks
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Lead width not to exceed 0.019 inches.

Dam bar not readily apparent in drawing.
Dam bar protrusions shall not cause the
lead width to exceed 0.019 inches (the
resulting gap spacing at this dimension
would be 0.006 inches).

Conformal coatings can thin around corner
Potential whisker

Dis-similar metal boundary

has increased corrosion induced
whisker risk (area is small, but
spacing is close)

Tin plating

Copper shear face

Figure 3.17 The image shows fine pitch microcircuit leads, probe marks and dam bar shear area that not
readily apparent on the procurement drawing [20].

Although not formally accepted as standards, there are two models currently available to assess
risk. The CALCE Tin Whisker Risk Calculator [21] presents risk based upon growth factors (length,
density) of whiskers. An alternative tool, developed by David Pinksy [22], is an algorithm which is
application-specific, considering design factors such as conductor spacing, lead content in plating,
deposition process, conformal coating, etc.
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Issues/Gaps/Misconceptions

1. Gap: There is still some lack of understanding of the tin whisker phenomenon. Therefore,

there is still some lack of understanding as well as appreciation of the assessment tools.

2. Gap: JESD 201 is not adequate as a tin whisker acceptance or risk assessment standard

4.

within A&D service conditions. It was originally intended to be a process evaluation tool
for data comparison. The cited test conditions are not indicative of actual A&D service
environments and, therefore, results are insufficient to assess reliability with respect
to potential failures due to tin whiskers. In particular, JESD 201 specifically excludes
reporting of corrosion induced whiskers exceeding the maximum allowable limits.

. Gap: While consumer products have focused on humidity and thermal cycling in the tin

whisker testing, A&D equipment is subjected to many diverse environments that can cause
compressive loads in the tin such as: corrosive environments, handling, vibration, shock,
and probe marks during trouble shooting,.

Issue: Use of the current baseline practice tools will require application based decisions.

* The CALCE tool presents risk based upon growth factors (length, density) of whiskers
(Figure 3.18).

* The Pinsky algorithm is application specific in considering design factors, but by itself
does not guarantee compliance to GEIA-STD-0005-2 (Figure 3.19).

* Individual companies also implement specific assessment methodologies, combining the
various methods and internal practices to comply with GEIA-STD-0005-2 requirements.

calceWhiskerRiskCalculator test.wkr Ei@[g|
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Bl Whisker Risk Results @
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Whisker Risk Assessment Results
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CALCE Tin Whisker Risk Assessment Software:

A software package that calculates the probability
of tin whisker failure for circuit card assemblies
and products. Based on long-term test data.
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Whisker Length

Figure 3.18 CALCE Risk Mitigation Model. Courtesy of Dr. Michael Osterman, University of Maryland
CALCE EPSC [21].
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Figure 3.19 Pinsky algorithm uses design factors to aid in determining a tin whisker risk level [22].

Conclusions

1. A&D equipment is exposed to many diverse environments (long term storage, thermal
cycling, vibration, shock, handling, humidity, corrosion, altitude, vehicle and cleaning fluid
exposure, etc.) which may result in stresses in the tin finishes or solder, promoting tin
whisker growth.

The use of JESD 201 is in itself a risk because cited test conditions are not indicative
of A&D harsh environments, and cannot be extended to provide long term performance.

Relative risk assessment for tin whiskers has progressed such that the CALCE and Pinsky
models are recognized as viable approaches. However, fundamental whisker growth models
and additional failure data is lacking.

Recommendations
1. Tin whisker risk needs to be incorporated as part of electronics reliability modeling.

2. Current tin risk mitigation tools should be integrated into current reliability models to
include tin whisker risk in predictions. Note that release of GEIA-HB-0005-4, Guidelines
for Performing Reliability Predictions for Lead Free Assemblies used in Aerospace and
High-Performance Electronic Applications, is imminent and includes a discussion advising
that a process be implemented to mitigate tin whisker risk, but is still lacking a model.
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3. Begin long term tin whisker testing on actual manufactured assemblies and subject them
to simulated A&D environmental conditions of humidity, altitude, vibration, shock, corrosive
environments, etc, to evaluate mitigation effectiveness, as well as whisker growth.

Encourage fundamental research in tin whisker growth and mitigation effectiveness to
improve whisker growth models, so that fundamental whisker growth modeling can be
integrated with the long term testing and the reliability modeling.

Develop a manufacturing process test coupon for the evaluation of CCA tin whisker growth
susceptibility and mitigation effectiveness. If required by the customer, these coupons could
be retained for future examination by the equipment manufacturer for many years, much
like PCB coupons are retained today.

3.6 RELIABILITY ANALYSIS DATA ITEM

Current Baseline Practice

For A&D systems, it is commonly required that various forms of reliability predictions be performed.
These predictions occur during the design phase, as a check that the design is adequate to meet
the requirements. The most widely used standard in making reliability predictions for A&D systems
is MIL-HDBK-217, although its use is far from universal. Section 16.1 of the handbook includes a
model for predicting reliability of PCBs with PTHs; in section 16.2, there is a model for predicting
reliability of SMT solder joints. These models are based upon an assumption of exclusive use of
eutectic tin lead solder attachment processes and compatible materials. This handbook does not
include any models for Pb-free solder attachment processes and compatible materials. The issue
of tin whisker induced failures is not dealt with whatsoever.

Issues/Gaps/Misconceptions

1. Gap: The adequacy of predictions arrived at using MIL-HDBK-217 do not account
for Pb-free issues.

Issue: A new industry standard, GEIA-STD-0009 has just been released, and may provide
an improved, updated approach to reliability prediction.

Issue: The LEAP-WG is preparing a document (GEIA-HB-0005-4) that is intended to provide
guidance for the performance of reliability assessments of A&D systems, incorporating
Pb-free materials and processes. Although detailed models are lacking, it is intended

that this document will serve as a basis for the implementation of improved practices.
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Conclusions

The adequacy of predictions arrived at using MIL-HDBK-217 and other existing documents based
upon SnPb data, must be considered suspect.

Recommendations
1. When released, the requirements of GEIA-HB-0005-4 should be implemented.

2. Itis recommended that the working team continue to be supported to include performing
future updates and refinements.

3.7 SAFETY AND NON-SAFETY SYSTEMS CERTIFICATION

Current Baseline Practice

Avionics products must be qualified and certified for safety for flight application on commercial
aircraft. Some Federal Aviation Administration (FAA) circulars regarding Pb-free have been issued
and the FAA has participated in the generation of Pb-free risk management industry standards.

Issues/Gaps/Misconceptions

There are no issues, gaps or misconceptions to report; however, let it be noted that the first
safety certified Pb-free assembly will undergo extensive testing and scrutiny.

Conclusions

The requirements for certification do not change for Pb-free.

Recommendations

A phased implementation of full Pb-free avionics products should begin with monitored
reliability of non-critical systems to gain real product field experience and demonstrate
reliability and sustainability.
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3.8 MANUFACTURING HANDOFF

Production Readiness and Manufacturing Technical Data Package
Current Baseline Practice

The transition from design to production is critical to product success. This process is facilitated

by involving the manufacturing organization as part of the design team early in the design process.
Within this section, production readiness reviews, manufacturing technical data packages, and
sustainment technical data packages are discussed.

Most companies conduct production readiness reviews in accordance with their own internal product
development system. Most of these systems were generated around the points of MIL-STD-1521
(despite its cancellation in April, 1995). Both manufacturing and sustainment technical data
packages, likewise, are generated in accordance with local process. MIL-DTL-31000C may be

used as guidance for these particular processes.

Issues/Gaps/Misconceptions

Production Readiness Reviews, in general, do not include specific flags to address risk
and/or challenges of Pb-free implementation. As a result, manufacturing technical data
packages could be deficient.

Conclusions

Production Readiness Reviews and Manufacturing Technical Data Packages, while generally
conforming to sufficient industry best practices in terms of content, and schedule of product
life cycle, may not necessarily include risks associated with Pb-free technology.

Recommendations
Implement an awareness/communications campaign to emphasize the need for the following:

1. Pb-free risk assessment and mitigation plans in product development systems
at the company level.

Pb-free part identification should be supplied by engineering in the Manufacturing
Technical Data Packages, for applications where Pb-free finish tracking is necessary.




3. Design

3.9 SUSTAINMENT HANDOFF

Current Baseline Practice

Sustainment includes support for repair, supply chain for spares, and end-of-life. The current
baseline practice for repair of CCAs, and other assembilies, is based on the assumption that

SnPb is used for CCA assembly, and that SnPb-compatible coatings are used for printed wiring
board bond-pad and finish coatings on the terminations of the piece parts. This assumption

is so widespread that not all program requirements include the use of SnPb, even though it is
assumed. Very few A&D customer requirements have been updated to include Pb-free electronics.

Issues/Gaps/Misconceptions

1. Gap: Documentation will require assessment for Pb-free impacts to assure incorporation
of sufficient information which allows for successful spares procurement and repair action

. Gap: Repairability verification requires assessment of reliability after repair, with
consideration for degradation mechanisms that affect Pb-free assemblies in the field.

Conclusion

Documentation will require revisions to address Pb-free impacts.

Recommendations

1. Identify part finishes and solder alloys used on assemblies per J-STD-609,
and specify repair solder alloys and processes that assure sufficient reliability.

Provide inputs to repair procedures and manuals to assure reliability of repaired equipment.

Provide effective qualification requirements for spares procurement, and change
re-qualification procedures which take into account Pb-free materials properties
and reliability requirements.




“The brain is a wonderful organ.
It starts working the moment you get up in the morning

and does not stop until you get into the office.”

—Robert Frost (1874-1963)




4.1 INTRODUCTION

The advent of Pb-free solders and materials into the manufacturing stream has posed new
challenges for OEMs and CMs alike. New Pb-free solder alloys are continually being developed,
while investigations into new solder-less technologies are concurrently being pursued as alternates
to the conventional means of attachment. Pb-free electronics manufacturing requires tighter
process controls, with more rigorous attention to the detailed requirements for each process flow
step than for SnPb systems. Implementation of process control windows and variables is essential
for assembly of Pb-free electronics. Understanding the importance and the method of good solder
joint formation is critical to solder joint integrity. The metallurgical aspects of solder joint formation
will be discussed as a prelude to the manufacturing processes because of the critical nature of
how solder joint formation sets a foundational basis for establishing process parameters. Design
for manufacturing is also particularly vital as an implementation tool in the understanding of the
factors related to high yield, low cost assemblies. With the addition of the new Pb-free material sets,
which includes solders, finishes, and substrates, defect detection becomes more difficult because
the failure mechanisms are either not fully defined, or considerably different than SnPb. Despite
the lack of Pb-free “drop-in” practices, manufacturing a Pb-free assembly is possible with improved
process controls, targeted design modifications, and equipment selections. The following flow chart
depicts the baseline practices of each step in the manufacturing flow. The blocks in the flow chart
are color coded to depict areas that are impacted (and to what degree) by Pb-free processing.
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4.3 Staging

Purchase
and Store
Parts/Boards

Incoming Kit and Issue
Inspection to Production

/

4.4 4.5 Chip Adhesive 4.5 Part
Paste Print Application Placement

4.6 Solder Formation

4.7 Convection 4.7 Vapor 4.7
Reflow Phase Reflow Wave Solder

4.7 4.8 4.9 4.10
Selective Solder Depanel Clean and Mark Underfill

412 4.13 Conformal
Rework Coating

4.14 4.14 4.13 Conformal 415
Test (in circuit) Test (ESS) Coating Pack and Ship

Il No Impact Low Impact M High Impact

Figure 4.1 Manufacturing Flow. The blocks in the flow chart are color coded to depict areas that are impacted
(and to what degree) by Pb-free processing.
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4.2 DESIGN FOR MANUFACTURING

Current Baseline Practice

The following sections will provide details for the baseline practices and design rules for Pb-free
manufacturability including PCB issues, component issues, solderability, assembly layout, work
area strategies, training, process qualification protocols, and first article inspection.

Issues/Gaps/Misconceptions
Printed Circuit Boards

The implementation of Pb-free solder processes will have several minor impacts on how PCBs
are handled within the manufacturing process. The impact of Pb-free processing on printed
circuit board laminates are covered in the Design segment of this report (Design Section 3.4.6).
It is also anticipated that the IPC-6012 specification will contain Pb-free electronics-driven
laminate requirements [1], and the board fabricator will see a greater burden of proof in
“certifying the product” for Pb-free. However, little change will occur in the printed circuit

board fabrication processes. Pb-free solder processes have a greater reliance on the solderability
of a PCB and the solderability requirements of the IPC J-STD-003 should be followed [2]. The
manufacturing process window is increased by the use of improved CCA storage and handling
protocols. Some Pb-free qualified laminates may require baking depending on the laminate
material characteristics and the use of enhanced PCB packaging techniques, as detailed in

the IPC-1601 Board Storage and Handling Standard [3]. The plated through hole has changed
considerably during 50 years of electronic packaging; however, despite its many forms, it remains
the most common interconnection in first and second level electronic packaging and one of the
most worrisome in terms of reliability. The transition from the original solder filled holes to BGA
wiring vias, sub-composite buried vias, and today’s micro-vias has resulted in many new failure
mechanisms, not only in the copper interconnections, but also in the surrounding laminate -
especially with the requirements for the higher temperature Pb free reflows (Figure 4.2).




4. Manufacturing

@ vo

3

Figure 4.2 The “PTH” family and related failure mechanisms for today’s boards and chip carriers. All are
being made more severe by the higher temperatures needed for Pb-free electronics manufacturing. Via 1
is a standard size via and 2-5 are micro vias including blind and buried. Letters a-z indicate assorted defect
failure modes, including barrel cracking, eyebrow cracking, and laminate cracking.

* CCAs: General handling procedures of CCAs will require improved “due diligence” as the
CCAs and Pb-free solder joints are more prone to bending damage with respect to typical
assembly handling. Increased care should be exercised for tasks such as CCA tote insertion/
removal and other actions that induce bending of the assembled or partially assembled CCAs.

Components: New component material sets are emerging as the industry transitions to
Pb-free. It is crucial to understand the materials in the components and any sensitivities
or compatibility issues that may be encountered during the assembly process.
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Manufacturing processes for Pb-free assembly require higher temperatures and place more risk
on components that may have temperature sensitivity (Figure 4.3). These components have been
labeled TSC (temperature sensitive components) and the IPC has developed specifications to
describe the precautions for their use (J-STD-075) [4]. The other issue to be aware of is that many
components have only been tested and qualified for the SnPb solder process, and many have a
maximum temperature rating of 225-230°C. Additional testing and qualification will be required
to rate these components to a higher Pb-free rating of 250-260 °C. The moisture sensitivity levels
(MSLs) must also be revised to ensure the components won't be damaged during the Pb-free
soldering process. The MSL rating goes up to a higher level per J-STD-020 classification and
likewise, must be handled more stringently per J-STD-033 [5, 6] for Pb-free assembly.

Figure 4.3 Delamination (“popcorning”) of various components due to inadequate bake before reflow - more
prevalent in the highertemperature Pb-free processing than in the traditional SnPb processing. Photo A is
courtesy of Steve Gregory, OAI Electronics. Images B and C are courtesy of Lockheed Martin.

Component Alteration Processes

The implementation of Pb-free solder processes has significantly impacted the traditional component
alteration processes of “hot solder dipping” and BGA solderball replacement. Typical Pb-free solder
alloys melt at 217 °C, which is an increase of 34°C from conventional SnPb solder alloys. The
increased temperature can cause degradation of components subjected to alteration if adequate
process controls/parameters are not implemented. Component alteration processes need to have
the solder alloy requirements, thermal management, bath contamination control, and specified
removal/attachment parameters defined for Pb-free alloys. The component alteration procedures
should be subjected to a qualification assessment that includes both material selection and
procedure review. Analytical techniques such as ultrasonic inspection and hermeticity testing
should be conducted to assess the component integrity as part of the component alternation
process qualification.
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Assembly Layout

Color coding of product. It is an industry best practice to have a master manufacturing facility layout
strategy for either the coexistence or the segregation of SnPb and Pb-free soldering processes. Cross
contamination of SnPb and Pb-free soldering process flows should be avoided due to potential
product reliability issues. The available facility space will play a role in the process layout strategy.
The optimum layout strategy is to have physically separate, segregated assembly flows and tools.
Utilizing separate, segregated assemblies flows/tools is the simplest strategy to avoid process cross
contamination. An alternative layout strategy is to utilize color designations, color label schemes,
and separate solder process tool “kits,” so that the SnPb and Pb-free assembly processes coexist
within the same process flow. A variety of commercially available color designation materials (green
ESD mats, colored soldering iron handles, etc.) or internal label/marking strategies (Figure 4.4) can
be used. The utilization of color designations/labels for solder materials (e.g., solder paste tubes,
solder wire, solder wick) is recommended. Finally, color coding of CCAs for visual identification/
recognition is an industry best practice. The designation of a specific soldermask color (e.g., Pb-free
CCAs use blue soldermask, SnPb CCAs use green soldermask) allows for immediate CCA process
identification for process personnel.

<D er_’..\
LEAD FREE !
WORK AREA

LY LEAD FREE PROCUCTE
BED 4 THES ARES
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Figure 4.4 Assembly equipment utilizing color marking, designating them as part of a Pb-free solder
process only CCA flow. Photos A and B are courtesy of Rockwell Collins; image C is courtesy of Stanley
Supply Services.

Marking Strategy

The high temperatures of wave and/or reflow soldering of Pb-free product will require that the bar
code marking of the individual CCAs be done using laser marking or equivalent high temperature
bar code labels. The high temperature label is usually made of a polyimide material with a high
temperature adhesive backing. The development and implementation of laser marking is another
heat-resistant method to permanently and directly apply a bar code label onto the CCA. Marking
the solder alloy on the assembly is recommended if the technical data package does not state
the solder alloy material. IPC standard IPC-609 defines the “E” code designations for different
solder alloys.
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Manufacturing Personnel Training

A common misconception is that there is no operator training required for switching from SnPb to
Pb-free manufacturing technology. Operator training is needed to define and teach the differences
of Pb-free processing. Training time should be allocated to transition from SnPb to Pb-free electronic
assembly, so that operators trained in the soldering and inspection of SnPb based CCAs can adjust
to the issues that accompany the switch to Pb-free. The differences between SnPb and Pb-free
electronics hand soldering process techniques can be addressed with four to eight hours of training
for operators with only SnPb manufacturing experience.

Areas where operator training will result in better and more efficient Pb-free manufacturing:

Keeping SnPb and Pb-free materials, fixtures, fluxes, soldering tips and equipment
separate from Pb-free.

The inspection of solder joints for Pb-free alloys should follow the IPC A-610D.

Training in manual soldering of Pb-free alloys and fluxes to minimize icicle, open
and short defects.

Instruction on finished CCA handling for the minimization of stress on component
solder joints when placing process or finished CCAs into totes, cabinets, or test fixtures.

Inspection to IPC A-610D Pb-free product acceptance is sometimes erroneously assumed to be

all that is necessary to qualify a facility to manufacture Pb-free electronics. This is not necessarily
sufficient. A facility should develop a Pb-free control plan in accordance with GEIA-STD-00005-1,

as objective evidence of Pb-free solder process readiness [7]. Self-proclamation of that readiness

is adequate for most well-established OEMs to declare and thereby satisfy the customer. Another
common misconception is that IPC or other third-party Pb-free electronics manufacturing certifications,
while potentially useful, are sometimes erroneously assumed to be required to qualify a facility

to manufacture Pb-free electronics. Engineering awareness training will also be required.

* Process qualification. All processes will have to be evaluated and revised to accommodate
new Pb-free materials and process parameters. The following table describes some of the
critical parameters that will need to be addressed. The methodologies for these process
qualifications do not change, but the process variables and tolerance controls may
significantly change.
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Process Qualification | Attributes for Pb-Free Processes

Solder Paste Compatibility Tooling Cleanup Clean Ability Printability Reflow

Flux Compatibility Tooling Cleanup Clean Ability Activation Residue
Temperature Acceptability

Cleaning Chemistry Compatibility Tooling Cleanup Performance Flux Loading Residue
Acceptability

Chip Adhesives Compatibility Tooling Cleanup Clean Ability Dispensability Stencil
Capability

Conformal Coatings Compatibility Tooling Cleanup Reworkability Automated Coverage
Processes Capability

Table 4.1 Process Qualification Table

* Assembly for first article inspection. The first article inspection for each new product that
is transitioned to Pb-free is critical. The product needs to be assessed for workmanship
and compliance to the engineering technical data package. All processing and workmanship
issues need to be resolved before continuing to process products on the Pb-free assembly
line. Equipment and/or process parameters may need to be adjusted to improve yield.
Due to the tighter process control windows and added complexity in assessing solder
joints, Pb-free assembly processing must be closely scrutinized and controlled.

Conclusions

DFM is critical for high yield Pb-free manufacturing. All aspects of the design must consider the use
of Pb-free processes including PCB and component issues, training, process qualifications, and first
article inspections. The transition of a printed wiring assembly from a SnPb soldering process to a
Pb-free soldering process requires a mandatory DFM assessment.

Recommendations

Implementation of stringent DFM rules and adherence to known design rules (Section 3.0, Design),
is critical for Pb-free manufacturing of high reliability electronics. Storage and handling practices will
have to be evaluated and enforced. Component TSC and MSL ratings for Pb-free must be followed
according to the IPC documents. Altering components requires a process qualification, area and
materials segregation, along with color coding to prevent cross contamination. Additional operator
and engineering training must be conducted with the necessary time to complete the training. First
article inspection of new products transitioning to Pb-free is required, and should be scrutinized
carefully to ensure quality. The transition of a printed wiring assembly from a SnPb soldering
process to a Pb-free soldering process requires a mandatory DFM assessment.
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43 STAGING

Current Baseline Practice

Staging consists of purchasing, storing parts/boards, incoming inspection, parts screening, and
issuing the parts/boards to the production area. Processes are in place for purchasing, storing,
and kit issues, but parts screening may need to be adopted if there are restrictions on the type
of component lead finishes allowed on a product.

Issues/Gaps/Misconceptions

Additional understanding of solderability shelf life requirements for PCB surface finishes and
component lead finishes may require the manufacturing floor to store and handle parts/boards
differently. SnPb PCBs and SnPb components essentially had indefinite solderability shelf life;
however, the Pb-free parts/boards will not. IPC specifications describe solderability testing of parts/
boards and must be used to evaluate a particular surface/component finish (Section 6.2.3, Solder
Testing). This will necessitate shelf life requirements to be invoked and tracking the results of the
retesting to be employed. Likewise, the kitting of parts/boards to the manufacturing floor will have
to be an integral part of this process.

Component level screening for surface finishes of leads is performed using XRF (x-ray fluorescence)
or SEM/EDS (scanning electron microscope/energy dispersive spectroscopy). XRF equipment

has been improving, driven by the need for increased analytical sensitivity to meet the Pb-free
screening requirements. Bench top type XRF systems are more accurate and reliable than hand
held type systems. The typical use of XRF has been to prove that parts/assemblies can be classified
as Pb-free, and therefore comply with the RoHS initiative. Some users have product requirements
that restrict certain component lead finishes and are using XRF to screen for these prohibited
materials (e.g., pure tin electroplate). Current equipment requires detailed calibration using known
standards because XRF can provide false readings, both positive and negative, due to the scanning
depth of the x-ray used in the process. Screening for pure tin and other unknown finishes may not
be accurately detected using this method. SEM/EDS is more accurate; however, the equipment is
complex, requires a skilled operator, and has a higher cost. More importantly, XRF is a non-destructive
method, while in most cases SEM/EDS requires destructive sample preparation.

Conclusions

Changes to the purchase, storage, and screening of parts may need to be improved with the
transition to Pb-free assembly. Additional tracking and solderability testing will be required to
ensure high yields and uninterrupted production flow. Parts screening may be a requirement
on future production assembly for either controlling a product that is to be Pb-free or keeping
restricted Pb-free finishes from getting into the product. The concern is unintended intrusions
of parts/boards materials from the products being built.
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Recommendations

Tighter controls should be utilized to track and keep parts/boards acceptable and producible.
Additional shelf life controls may be required with retest to ensure good solderability during the
assembly process.

XRF and EDS must be used to establish a parts screening process. EDS can be used as a barometer
to calibrate the XRF equipment. When both XRF and EDS are available, a coarse screening with XRF
followed by a finer screening with EDS is recommended.

44 SOLDER PASTE DEPOSITION

Current Baseline Practice

Current practices/processes are acceptable for Pb-free. No major changes are required for the
solder paste deposition due to the implementation of Pb-free soldering. The solder paste supplier
should include process controls, handling, storage and equipment parameters for the specific solder
paste product, and should be followed. No changes in stencil material, design and aperture
methodology are required.

Issues/Gaps/Misconceptions

Cross contamination issues (solder paste handling, stencil print wiping, and stencil cleaning)
should be addressed as part of a CCA process flow strategy.

Conclusions

No major changes are required for the solder paste deposition due to the implementation
of Pb-free soldering.

Recommendations

Cross contamination issues (solder paste handling, stencil print wiping, and stencil cleaning)
should be addressed as part of a CCA process flow strategy.

4.5 COMPONENT PLACEMENT

Current Baseline Practice

Component placement processes and equipment are mature and established for automated
circuit card assembly. No major changes are required for the component placement due to the
implementation of Pb-free soldering.
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Issues/Gaps/Misconceptions

Current industry component placement equipment is capable of accommodating Pb-free materials
and CCAs. Minor changes in the lighting levels of the vision recognition system may be necessary
depending upon the component surface finish selection. Process controls and process parameter
changes may be required for passive component adhesive deposition. The adhesive supplier
should include process controls, handling, storage and equipment parameters for the specific
adhesive product; these should be followed. Tolerances for placement accuracy need to be tighter
to compensate for less self-alignment with Pb-free soldering processes.

Conclusions

No major changes are required for the component placement due to the implementation
of Pb-free soldering.

Recommendations

Minor changes to the lighting levels of the vision recognition system may be necessary depending
upon the component surface finish selection. The chip adhesive supplier includes process controls,
handling, storage and equipment parameters for the specific chip adhesive product; these should
be followed. Accuracy tolerances must be re-evaluated on placement equipment and adjusted to
ensure high yields. For example, surface mount resistors/capacitors components will not “self align”
as well with Pb-free solders as with SnPb because of the lower wetting forces of Pb-free solders,
requiring extra care in placement.

4.6 SOLDER METALLURGY - SOLDER JOINT FORMATION

Current Baseline Practice

The first phase of the transition to Pb-free solder alloys was based around the tin (Sn) 3.5-3.9%
silver (Ag) 0.7-0.9% copper (Cu) (SAC) near eutectic alloys. This was driven initially on various industry
consortia projects, such as the National Center for Manufacturing Science (NCMS) alloy down-selection
study, and later strengthened by the original INEMI Pb-free reliability study. Because of concerns
about the cost of silver and in the hopes of avoiding a patent held by lowa State University, the
Japanese Electronics Industry Association (JEITA) followed by the IPC, recommended use of the
hypoeutectic alloy commonly known as SAC305 (Sn3.0Ag0.5Cu). However, many companies,
particularly in Europe, chose to stay with the higher silver SAC405 because of the advantages

that a eutectic alloy offers, particularly a lower incidence of shrinkage cavities and a lower melting
temperature and pasty range.
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The mainstream SAC305 and SAC405 compositions are used currently as solder paste and wave
alloys as well as alloys for ball grid array solder balls. The poor mechanical shock performance of
SAC305 and SAC405 alloys has driven the handheld (consumer) product segment to consider the
development of low Ag or low Cu ball alloys to improve the mechanical strength of BGA and CSP
solder joints, especially under dynamic loading conditions. These alloys often have some additional
elements for micro-alloying: antimony (Sb), nickel (Ni), bismuth (Bi), phosphorus (P), germanium
(Ge), cobalt (Co), indium (In), and chromium (Cr), with several already being used commercially.

Not all products manufactured today utilize Pb-free solders. Those industries and OEMs that qualify
for exemptions specified in the RoHS directive are still assembling many of their products using
SnPb solder pastes. The challenge for these OEMs has been a shrinking supply of SnPb balled
BGAs. In some cases, the use of Pb-free balled BGAs is the only available option. The only recourse
is to use the Pb-free BGA in a SnPb soldering process. Therefore, pure Pb-free and mixed metallurgy
Pb-free components/SnPb solder assemblies will be discussed in this section. Table 4.2 shows
commonly used Pb-free solder alloys.

Manufacturing

Solder Alloys Reflow Wave Rework

Eutectic SnPb

SAC305 > Temperature Copper Dissolution

SAC387 > Temperature Copper Dissolution

SAC405 > Temperature Copper Dissolution

SACBI > Temperature Copper Dissolution

SACSb

SnCuNiGe > Temperature

SnCuNiBi > Temperature

SnBi

SnAg

M No Impact Low Impact M High Impact Unknown

Table 4.2 Pb-Free Solder Alloys Applicable Processes
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Issues/Gaps/Misconceptions

The relationships between the Pb-free solder joint microstructure and reliability in different
environments are not fully understood.

Pure Pb-Free

The mainstream Pb-free SnAgCu alloys have higher melting temperatures than that of the
tin/lead alloys (Figure 4.5). The onset melting temperature of SAC alloys is typically 217 °C,
which is 34 °C higher than SnPb melting temperatures. When assembling Pb-free components
using Pb-free solder, the minimum solder joint temperature on any component on the board
should be no less than 230-232°C to provide a proper wetting [1]. The maximum temperature
should not exceed 245-260°C [2] to assure package and PCB survival. Therefore, the operating
window for Pb-free is significantly reduced.

Peak reflow Peak reflow
temperature to temperature to
allow for process allow for process
variations = 220°C variations = 260°C

Minimum reflow Minimum reflow
temperature for temperature for
reliable solder \ reliable solder
joint =200°C joint =230°C

SnAgCu mp =

SnPb mp =183°C 217.224°C

"] SnPbSoldering Pb-Free Soldering [ ]
63Sn/37Pb Sn/4.0Ag/0.5Cu
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Component Danger Area Component Danger Area
(Non Pb-Free (Pb-Free Compatible Components)*

Compatible Components)*

AT =13-28

- == 217

Temperature °C

B SnPb - Today's Solder

M SnAgCu - Pb-Free
Solder Alternative

=== Temperature Required
for Reliable Solder Joint

*J-STD-020C Maximum === Solder Alloy Melting Point
Temperature Limit 245 -260°C

Figure 4.5 The diagrams show a significant reduction in the Pb-free process window compared to SnPb
assembly; this is caused by the difference in melting temperatures and component survival ability. Courtesy
of Celestica.

Mixed Solder Process

When Pb-free BGA components need to be incorporated into SnPb assemblies, two main scenarios
can be considered:

1. The use of a hybrid SnPb reflow process, adjusting the conventional parameters.

2. Design for a reliable mixed assembly when given the optimized manufacturing
process parameters.
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Previous reliability studies on backwards compatibility conducted using SAC305 and SAC405 BGAs
soldered using tin/lead paste have demonstrated that by soldering at peak temperatures in excess
of 217°C, SnPb solder paste and SAC BGA balls mix completely to from a homogenous microstructure
with adequate reliability performance for many electronic applications; however, your specific product
must be tested to ensure reliability over the life of the product [3, 4, 5]. The “hot” SnPb reflow should
comply with maximum package temperature requirements of the IPC/JEDEC J-STD-020 specification
to prevent overheating other components qualified to the tin lead soldering process only. This
demanding assembly process involves soldering temperatures higher than conventional SnPb

but lower than a full SAC process:

*  Temperature minimum at solder joint > 220°C
*  Temperature maximum package body < 233°C

Wetting Discussion

SAC solder pastes have decreased wetting and higher contact angle compared to SnPb as a result
of a higher surface tension, lower wetting force and higher wetting time [8]. Low Ag alloys have even
poorer wetting than near eutectic SAC305 and SAC405, and as a consequence, the operating
process window for Pb-free solder is significantly reduced.

To compensate for the inferior wetting characteristics of Pb-free, it is recommended to:
1. Consider sufficient time above melting temperature.
2. Use a new generation of solder pastes with improved fluxes.

Perform solder paste qualification to choose the best suited for the specific design
and application.

63Sn37Pb
Sn2Ag0.5Cu
Sn3Ag0.5Cu

Sn3.5Ag1Cu
Sn3.8Ag0.7Cu : : | — —
: i i :
1 1.5
Wetting Time (seconds)
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PHASE 3

SAC305

PHASE 1

Figure 4.6 Solder joint appearance, surface tension and wetting time showing the difference in wetting
between SAC305 and SnPb soldering. Photos courtesy of Celestica Inc.; chart from IPC J-STD-033 [6].

Microstructure of Pure Pb-Free

Pb-free solder joint microstructures are quite different from SnPb (Figure 4.6) in the following regard:

Bulk solder

* instead of two ductile solid solutions (3Sn) and (Pb) in SnPb, SnAgCu alloy consists
of Sn phase with hard and brittle intermetallic particles

* instead of smaller, multiple Sn grains, there are several large Sn grains

Intermetallic reaction layers: different intermetallic types between SnPb and Pb-free

Intermetallic thickness: intermetallic layer is thicker in Pb-free after assembly and rework
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Unlike SnPb, which solidifies at a constant temperature, several degrees below melting point, Pb-free
joints require significant undercooling. Near eutectic solders like SAC305, SAC387, and SAC405
start to solidify 20 to 40°C below 217 °C depending on the cooling rate. The crystallization occurs
step by step with several changes in which phases are formed as the solder cools. The sequence
and phase precipitation depends on solder joint composition and cooling rate. In SAC405, the solder
cools slowly, subsequently causing the primary Ag3Sn crystals to appear first (Figure 4.7), followed
by the pseudo-eutectic Ag3Sn + Cu6Sn5 + Sn [9], and the formation of large Sn dendrites. Cooling
rates higher than 1.3-1.5°C/s may prevent primary intermetallic crystals from nucleation. Under
those rapid cooling conditions, the Sn phase will appear first followed by Ag3Sn + Cu6Sn5 + Sn
eutectic [9]. This type of solidification is typical for SAC305 with lower Ag content even if it solidifies
under slow cooling conditions. If significant copper dissolves into SAC solder during reflow, the first
phase to form is Cu6Sn5, followed by formation of a combination of Ag3Sn and Cu6Sn5, followed
by the formation of the pseudo-eutectic Ag3Sn + Cu6Sn5 + Sn, with the formation of large Sn
dendrites. This phenomenon will drive tighter control of process temperatures and CCA cooling
rates to prevent solder defects.

Component
Me3Sn4, where Me = Ni and Cu
* On ENIG boards with
* SnPb solder
¢ Pb-free solder - SnPb ball (Cu < 0.2)

Me6Sn5, where Me = Niand Cu
* On ENIG boards with
* Pb-free solder - Pb-free ball
(Cu>0.5)
Component * On Imm Ag and OSP boards with
both SnPb solder and Pb-free solder

Me3Sn4 and Me6Snb5,
(Cu,Ni)sSns or where Me = Ni and Cu
Pb-Free Ni23CussSnas .
* On ENIG boards with
¢ SnPb solder - Pb-free ball
(0.2% < Cu < 0.5%)
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~10pm

Board side IMC/.

200um

Figure 4.7 Pb-free solder joint microstructure. Photos A and C are courtesy of Celestica Inc.;

13
s

image B is courtesy of Unovis.

Sn

Liquid

Sn Dendrite

Roughness\ Eutectic

Figure 4.8 Schematic diagrams of the microstructure formation in Pb-free paste; Pb-free solder balls
under reflow [7].
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Shrinkage Voids

The shrinkage voids form in the last portions of eutectic liquid that are entrapped between the Sn
dendrites. The voids usually inherit the inter-dendritic shape (Figure 4.9) [9] and often have dendrite
arms visible inside the voids.

Figure 4.9 Surface roughness and shrinkage voids. Photos A and B are courtesy of Celestica; image C
is courtesy of Rockwell Collins.

Pb-free solder joint reliability depends on microstructure and phase compositions. Industry testing
has demonstrated that shrinkage voids do not result in a degradation of solder joint integrity.

Mixed Metallurgy for BGA Solder Processes

When SnPb solder melts at 183 °C during reflow, the SnAgCu solder ball will begin to dissolve in the
molten solder (Figure 4.10: a, b) [3]. The dissolution continues until the liquid attains a saturation
composition. The saturation level increases with the rising temperature; consequently, the higher
the temperature, the larger the portion of the SAC solder ball that is consumed by the molten SnPb
solder. For a certain ratio of SAC solder ball and SnPb solder, full mixing or dissolution is possible
below the melting temperature of 217°C for SnAgCu solders (Figure 4.10: d, e), assuming the time
above liquidus is sufficient. The mixed SnPbAgCu liquid solder solidifies during the cooling stage of
the reflow. Partially or fully mixed solder joints can form (Figure 4.10: c, d) depending on the reflow
profile, SnPb/SAC ratio, and solder joint size.

If the reflow peak temperature reaches 217°C, the SnAgCu solder ball starts melting and full mixing
can be achieved for all components independent of solder joint size or SnPb paste/SAC ball ratio
(Figure 4.10: g-i).

The solder joints which are not fully mixed have two distinct microstructures: the part of the SAC
ball that was not dissolved and the portion that was fully mixed (Figure 4.11). The un-dissolved

SAC ball structure is similar to the typical SAC alloy structure and contains primary-like Sn dendrites
and Sn+Ag3Sn+Cu6Sn5 ternary eutectic in the inter-dendritic spaces. The mixed solder, on the
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other hand, has Sn dendrites that are much larger in size, binary Sn+Pb, ternary Sn+Ag3Sn+Pb
or quaternary Sn+Ag3Sn+Pb+Cu6Sn5 eutectics between the dendritic arms. In some cases, an
Sn rich band is clearly visible between these two areas of the solder joint [10].

Theory of Mixing

Tmax < 217 °C, Partial Mixture

SnPbAgCu
Mixed Solder
(Molten)

SnPbAgCu
Mixed Solder

Tmax < 217 °C, Full Mixture

SnPbAgCu
Mixed Solder
(Molten)

SnPbAgCu
Mixed Solder

Tmax < 217 °C, Full Mixture

SnPbAgCu
Mixed Solder
(Molten)

SnPbAgCu
Mixed Solder

Figure 4.10 Schematic of Sn-Pb solder/SAC ball reflow metallurgy showing three possible scenarios:
* Tmax (maximum reflow temperature) below 217°C, partial mixture (a - c)
* Tmax below 217°C, full mixture (d - f)
* Tmax above 217°C, full mixture (-i)
* a, d, g - before reflow; b, e, h - during reflow; c, f, i - after reflow [10]
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Sn + AgsSn + CusSns eutectic Sn Sn + AgsSn + Pb + CusSns eutectic

Figure 4.11 Example of a not mixed microstructure produced with peak temperature below 217 °C [4].

Fully mixed joints formed using conventional SnPb profiles and “hot” profiles have microstructures
as shown in Figure 4.12 [10]. The “hot” reflow microstructure is finer than after conventional
SnPb profiles. The resulting SnPbAgCu compositions have large pasty ranges. Depending on the
component type, it may vary between 25 to 40°C. Solidification in such a wide temperature range
poses a high risk on the low melting phase accumulations on the board or component interface.
During reflow, cooling solidification begins at the coldest location (component side during reflow)
as shown in Figure 4.13. The Sn phase grows into a dendritic shape and forms toward the hot
side of the board. The liquid is gradually enriched with Pb and Ag and becomes depleted of Sn,
which finally crystallizes as a eutectic in inter-dendritic spaces. The last portion of liquid solidifies
as a ternary or quaternary eutectic at the board side at 177 °C. Impurities that are not dissolved

in solid Sn will be concentrated in the last portion of liquid (at the board side). Shrinkage voids
form in the last portion of liquid as well. The interface between the intermetallic layer and solder
may be insufficiently strong and may fail during thermal cycling or vibration.
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Figure 4.12 Examples of fully mixed microstructures produced with peak temperature above 217 °C (A, B)
and below 217 °C (C) [4].

This area may also be secondarily melted in double sided cards during second side reflow or rework
and result in shrinkage voids formation (Figure 4.14). This defect cannot be detected electrically
after assembly and will reduce the field life of the product.

- -
A. B. C.

Figure 4.13 Examples of fully mixed microstructures produced with peak temperature above 217 °C (A, B)
and below 217 °C (C) [4].
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Figure 4.14 Examples of shrinkage voids forming in a eutectic SnPbAgCu (lead-enriched) zone (A) [8]; (B, C) [4].
Lead Contamination in Components With and Without Leads

Similar non-uniform Pb-enriched phase distributions may happen in components with and without
leads for SnPb surface finished components in a Pb-free soldering process. This occurs under the
middle of the components’ leads at the solder joint/board interface, which is inevitably the area of
a solder joint that results in a failure [11]. This defect cannot be detected electrically after assembly
and will reduce the field life of the product.

- First areas to cool

Last area to cool,
Pb-rich region

Figure 4.15 Lead contamination of solder joint for gull-wing SMT component [9].

* Fillet lift. Another phenomenon caused by a low temperature melting phase accumulation
at the pad side is fillet lifting. In fillet lifting, the solder fillet lifts from the edge of the pad.
Separation occurs between the intermetallic layer and the bulk solder, and it often occurs
in Pb-free wave solder joints containing Bi, Pd and other additives or contaminations. It is
problematic only if it causes separation of the trace.
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Sn-Cu, 977, HF, 525

Figure 4.16 Fillet lift in wave solder joint. Courtesy of Celestica.

* Process Voids. In addition to shrinkage voids related to the material characteristics, process
related voids caused by entrapped gases are present in Pb-free solder joints. In general,
SAC alloys are more prone to voiding than SnPb. The additional voids in Pb-free processes
are attributed to higher processing temperatures which causes excessive oxidation of the
powder. Voiding also depends on alloy composition. Off-eutectic low Ag alloys are more
affected than near eutectic SAC alloy (Figure 4.17) [6].
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97.55n2Ag0.5Cu
96.5Sn2.5Ag0.8Cu

96.5Sn3Ag0.5Cu

95.55n3.58Ag1Cu

95.55n3.8Ag0.7Cu

63Sn37Pb

20
Voiding (area %)

Figure 4.17 Voiding in SnPb and Pb-free alloys [6].

* Tombstone. Pb-free solder paste is more prone to tombstone failures due to higher surface
tension and greater thermal gradient. The tombstoning effect is dictated primarily by melting
temperature and surface tension (Figure 4.18). The further off-eutectic the SAC alloy is, the
less prone to tombstoning it will be. Tombstoning can also be affected by flux chemistry and
the design of the board (blind vias under the discrete pad) as shown in Figure 4.19.

Y

T1 and T2: Tack Force; T3: Weight; T4: Surface Tension (outside); T5: Surface Tension (underneath)

Figure 4.18 Tombstoning Defect
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Figure 4.19 An example of tombstoning.

Sn2Ag0.5Cu
Sn2Ag0.8Cu
Sn3Ag0.5Cu
Sn3.5Ag1Cu

Sn3.8Ag0.7Cu

63Sn37Pb

2% 3% 4% 5% 6%
Tombstoning Rate (%)

Figure 4.20 Percentage of tombstone in SnPb and Pb-free alloys comparisons [6].
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* Head on Pillow. Head on pillow defects occur more often in pure Pb-free and mixed
metallurgy assemblies than in SnPb joints. This is attributed to the narrow process window,
especially when low Ag BGA components such as SAC105 are used. The melting point of
the solder balls of low Ag alloys are as much as 10°C over the SAC305 or SAC405 ball
compositions. This condition can adversely impact the assembly yields - or worse yet -
create unacceptable solder joints (Figure 4.21) because the assembly was soldered at too
low of a temperature. Improperly assembled components as shown in Figure 4.21 [12] are
a significant reliability risk since they may pass electrical tests, but will fail more rapidly in
the field than a properly formed solder joint. When a SAC ball is mixed with SnPb solder
paste and the conventional SnPb profile is used, the risk of exhausting the flux is increased
and the occurrence of head on pillow is also increased.

Figure 4.21 Un-melted solder balls and unacceptable solder joints. Images A and C [10]; photo B is courtesy
of Rockwell Collins.

Copper Dissolution

Cu plating dissolves in SAC alloys much faster than in SnPb solders (Figure 4.22). The reasons for
this increase in Cu dissolution are due to the higher operating temperatures and the increase in
tin content. There are a handful of alternative Pb-free alloys available on the market today which
are variations of SnCu based alloys or SnCuAg alloys with low Ag content with varying degrees

of elemental additives, such as Ni, Ge, Bi, Sb and others. Some alternative Pb-free alloys have
been proven to make suitable replacements for highly aggressive SAC alloys during the PTH
rework process [13, 14].
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Effect of Alloy on Cu Dissolution Rates

—e— Alloy A
—=— Alloy B
Alloy C
—a—Alloy D
—— SAC305
—<— SAC405

—¥— SnPb

(Mean) Cu Thickness (mils)

Contact Time (seconds)

100%
Dissolution
at the Knee

Average Dissolution Rate (mils/sec)

Barrel

Figure 4.22 Interaction Plot Results: Effect of Alloy on Cu Dissolution Rates (A), Cu dissolution rates by barrel
geometry (B), and cross-section showing 100% Cu dissolution at the knee location (C) [11, 12].
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The process issues relating to high copper dissolution rates have been well documented within the
industry. The copper dissolution rates of SAC305/405 plus many of the leading alternative Pb-free
wave solder alloys have been characterized and pin through hole rework process windows assessed.
One remaining gap within the industry is the understanding of how the effect of Cu dissolution or
thinning of the through-hole barrel wall/knee, impacts the thermal and mechanical reliability of a
pin through hole joint.

Conclusions

1.

The process window for Pb-free component/Pb-free solder joint formation is very narrow
compared to the SnPb process because of higher melting temperature and poorer wetting
and spreading,.

Incorporating Pb-free BGAs in SnPb solder using conventional processes may or may
not allow full mixing; the resulting microstructure may not be uniform and may cause
a reduction in reliability.

Reflow profiles with the temperature above 217 °C: the SAC solder balls melt and mix
completely with the SnPb solder paste for all types of components.

. The Pb-free microstructure is principally distinct from SnPb and consists of fSn phase

and hard and brittle intermetallic particles instead of two ductile solid solutions (3Sn) and
(Pb) in SnPb resulting in dissimilar properties that behave differently over the operational
life of the product.

. Unlike SnPb, Pb-free solidification requires high undercooling and depends greatly upon

cooling rate.

Both pure Pb-free and especially mixed metallurgy solder formation have a high propensity
for low temperature phase segregation. This phenomenon is responsible for shrinkage voids
and/or areas with lower strength formation.

Pb-free soldering is more prone to voids, tombstone, and head-on-pillow anomalies
than SnPb.
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8. Cu plating dissolves in SAC alloys much faster than in SnPb solders. Some alternative Pb-free
alloys such as SnCuNi have a lower copper dissolution rate and have been proven to make
suitable replacements for highly aggressive SAC alloys during the PTH rework process.

Recommendations

1. The reflow, wave and rework process parameters should be carefully controlled.
Temperature gradients across the board and between the components and boards
should be minimized.

. Unlike SnPb, Pb-free solidification requires high undercooling and depends greatly
upon cooling rate.

. Cooling rates in reflow, wave, and rework need further characterization to determine
optimum values for reliable solder joints.

. Components with low Ag alloys such as SAC105 should be avoided especially when
used for rework.

Incorporating Pb-free components in SnPb assembly requires qualification for each
case to choose the parameters that consistently allow complete mixing and uniform
microstructure formation.

. Alternative alloys such as SN100C should be implemented instead of SAC alloys for
wave rework and probably for wave soldering to minimize copper dissolution effects.

4.7 SOLDER PROCESSES

Current Baseline Practice

The following table depicts the baseline practices for soldering Pb-free in the manufacturing flow.
The blocks in the flow chart are color coded to depict areas that are impacted (and to what degree)
by Pb-free processing. The following section describes the details of issues and gaps for each
soldering process.
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Pb-Free Processes Selective | Selective
Wave Laser

Min. Temperature 230°C 255°C 230°C

Max. Temperature 260°C 270°C 260°C

Time Above Liquidus 60-90 sec 3-5 sec 2-3 sec

Solder Bath Control

Inert Atmosphere -

Solder Anomalies peaks/ shrinkage voids/fillet lifting/Cu dissolution
icicles

Equipment Changes

Copper Dissolution

Energy Impact

Il No Impact Low Impact M High Impact

Table 4.3 Pb-Free Solder Processes Impacts

Issues/Gaps/Misconceptions
Manual Soldering

Manual soldering operations using Pb-free solder can be optimized through alteration of manual
SnPb soldering procedures/equipment and by providing training (re-training) for operators who have
learned manual soldering using SnPb solder. Manual soldering operators in the areas of original
assembly or rework, generally require at least four hours of additional training using equipment
designed for the Pb-free soldering process because of the wetting and solidification characteristics
of the Pb-free solders.

A common misconception is that the same manual soldering equipment that was used for SnPb
soldering can be used for the higher temperature and poorer wetting Pb-free solders. At the minimum,
pre-heating hot plates and higher temperature soldering irons are recommended to do the Pb-free
manual soldering.

New Pb-free optimized soldering irons and tools such as hot air pens are available to improve the
effectiveness and quality of manual soldering on the Pb-free electronics product.
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Solder Supply: 5000 Times

B Sn3.5Ag0.7Cu
Sn3.5Ag

A Sn3.5Ag0.05Fe

® Sn37Pb

Erosion Depth of Iron Plating (um)

600 650
Test Temperature (K)

Effect of test temperature on erosion depth of iron plating in several
solders after 5,000 solder applications.

A.

Figure 4.23 Impact of Manual Pb-Free Soldering Process on Soldering Iron Tips. A [1]; B [2].
Reflow Soldering

The implementation of Pb-free solder has a major impact on the reflow soldering process.
The impact on the reflow equipment falls into two major categories: equipment configuration
and energy costs.

* Equipment Configuration:

* Thermal profiling concerns: In accordance with good manufacturing practices
associated with SnPb profiling, a sufficient number of thermocouples need to be
strategically placed in various areas across the top and bottom sides of the CCAs.
The higher reflow temperatures associated with Pb-free may cause a greater thermal
gradient across the assemblies that will require additional thermocouples for a more
accurate temperature profile.

Pb-free solder alloys melt at 217 °C, which is an increase of 34°C from conventional
SnPb solder alloys. Reflow ovens should have a minimum of seven reflow zones to
adequately cover the increased thermal input demands of the Pb-free solder alloys.
Reflow ovens utilizing fewer reflow zones may result in issues in solder joint formation.
The use of an inert atmosphere will result in a larger reflow process window and
solder joint visual characteristics. The use of an inert atmosphere is not required

but is highly recommended.
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Energy Costs: Industry studies have documented that the use of Pb-free SAC solder alloys
in the reflow process results in increased energy consumption (Figure 4.24) when compared
to the use of SnPb solder alloys [15].

16,000

14,000

12,000

10,000

8,000

6,000

Megajoules/Functional Unit

4,000

2,000

0_

SnPb SAC BSA SABC

M End-of-Life M Use/Application M Manufacturing B Upstream

Figure 4.24 Reflow process energy consumption comparison [15].

* Thermal Profile: The change in the solder alloy melting temperature due to the
implementation of Pb-free solder has a direct impact on the reflow process profile.
Component maximum temperature limits (Section 3.4.1, Design for Manufacturing)
and the increase in solder alloy melting points result in a very restricted reflow profile
(Figure 4.25). The electronics industry is currently investigating the necessity of
implementing a controlled cooling rate requirement for CCA solder reflow processes.
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Heating Rate
2 ~3°C/sec

C

D A\ \-4---
Heating Rate
2 ~4°C/sec A Reflow Area \\

Pre-Heating Area

Temperature®°C

Recommendation Value at:
A: Starting Pre-Heat: 150 ~ 170°C C: Peak Temperature: 230 ~250°C

B: End of Pre-Heat: 170 ~ 190°C D: Time Above 220°C (Solidus Line): 30 ~ 40 seconds
Time Between A and B: 90 +/- 30 seconds

Figure 4.25 Reflow Solder Profile

Wave Soldering

The implementation of Pb-free solder has a major impact on the wave soldering process.

The impact on the reflow equipment falls into three major categories: equipment configurations,
energy costs, and solder bath control.

Equipment Configuration: The Pb-free solder alloys are tin rich in composition. Molten tin
has very aggressive dissolution and erosion characteristics. The traditional wave solder
equipment contained a variety of components (fabricated from cast iron and/or stainless
steel) which had poor compatibility with molten tin (Figure 4.26) [10, 16]. The use of
Pb-free solder alloys which contain specific elemental additions to regulate dissolution/
erosion can also be employed to address the wave solder equipment damage concerns.




4. Manufacturing

The use of wave solder equipment fabricated from titanium, with molten tin resistant
coatings, or specific Pb-free solder alloys that cause minimum equipment damage,
is recommended. The use of an inert atmosphere will result in a larger wave solder
process window and improved solder drossing characteristics. The use of an inert
atmosphere is not required but is highly recommended.

Figure 4.26 Wave solder equipment damaged by Pb-free solder [10, 16].

Energy Costs: Industry studies have documented that the use of Pb-free SAC solder alloys
in the wave solder process result in increased in energy consumption (Figure 4.27) when
compared to the use of SnPb solder alloys [17].

Megajoules/Functional Unit

SnPb SAC SnCu

M End-of-Life M Use/Application M Manufacturing B Upstream

Figure 4.27 Wave solder process energy consumption comparison [17].
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* Solder Bath Control: The electronics industry has traditionally assessed/monitored the level
of solder bath contamination in accordance with the requirements of ANSI-JSTD-001 for
SnPb solder alloys. Although a number of commercial electronic manufacturing facilities
have been running Pb-free wave solder processes, minimal assessment data exists for
the various Pb-free wave solder baths and no industry consensus requirements exist.

Thermal Profile: The implementation of Pb-free solder has a direct impact on the wave
solder profile and parameters. The increased solder alloy melting point results in an
increase in the wave solder profile requirements (Figure 4.28). It is recommended that
the maximum amount of preheating capability be utilized for the wave solder equipment.
Additionally, the wave solder flux supplier process controls, handling, storage and
equipment parameters for the specific flux product should be followed. The electronics
industry is currently investigating the necessity of implementing a controlled cooling

rate requirement for CCA wave solder processes.

Temperature°F

T T
60 90

Time (seconds)

Assembly Rate: 4.00 ft/min Hl Wave M Bottom Side M Top Side

Figure 4.28 Pb-free Wave Solder Profile. Courtesy of Celestica.
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Vapor Phase Soldering

The impact of the Pb-free soldering process on the vapor phase soldering process is minimal. The
use of existing vapor phase equipment with Pb-free solder will require a change in the vapor phase
solder process chemistry. The melting point of the Pb-free solder alloys is higher than the traditional
215°C boiling point chemistry. Pb-free vapor phase equipment will require a 230°C boiling point
chemistry and the associated changes in the equipment temperature sensors/controls. It is also
recommended that the vapor phase cooling coil module be assessed for efficiency. The thermal
mass of the CCA will determine if any changes in the vapor phase process profile are required.

e

Temperature°C

/

rrr 1t 1T 111 1 1 17T 1T 17T 17T 1T T T 1T T T T
1 11 21 31 41 51 61 71 8 91 101 111 121 131 141 151 161 171 181 191 201 211 221

2 second intervals

Figure 4.29 Typical vapor phase thermal profile using a 240 °C fluid. Courtesy of Solvay Solexus.

Selective Soldering

This soldering process is used to perform secondary solder operations for components that are
soldered after the mass reflow or wave solder processes. This is typically for parts not capable of
mass soldering processes due to temperature sensitivities or geometry (connectors with through
pins or surface mount over the card edge and hardware installed).
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There are two common methods for selective soldering: solder pot wave type process and the laser
soldering process. Both can be automated and equipment is available for these processes. Proper
equipment specification is required to ensure the higher temperatures can be met. Additionally, the
solder pot type equipment must specify materials that are compatible to the Pb-free solders. Laser
diode power must be selected to meet higher processing temperatures and processes should be
developed to ensure adequate reflow without board laminate damage (Figure 4.30).

Temperature°C

A A

Figure 4.30 Laser Solder Thermal Profile. Courtesy of Lockheed Martin.

Conclusions

The SnPb processes and equipment for soldering can be used with modifications for transitioning

to a Pb-free soldering process. Additional cost for equipment upgrades and energy consumption
will be realized.

Recommendations

Ensure the equipment and processes used for Pb-free soldering are thoroughly evaluated
for materials capability and the increase in temperature.

Process development characterization and qualification will be required.

Manual soldering operators should undergo a minimum of four hours of additional training
using equipment designed for the Pb-free soldering processes.
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4.8

Pre-heating hot plates and higher temperature soldering irons are recommended
(as necessary) process aids for Pb-free manual soldering processes.

An assessment of soldering irons and tools should be conducted to determine if new
equipment is necessary and/or a periodic maintenance schedule needs to be established.

Reflow ovens should have a minimum of seven reflow zones to adequately cover the
increased thermal input demands of the Pb-free solder alloys.

The use of an inert atmosphere is not required but is recommended.

The use of wave solder 